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Ab s t rac t 

This  r e p o r t  documents t h e  r e s u l t s  of a program t o  advance t h e  

techniques f o r  eva lua t ing  t h e  thermal behavior  of window systems f o r  

space v e h i c l e s ,  p a r t i c u l a r l y  those  exposed t o  t h e  environmental  con- 

d i t i o n s  a t t e n d a n t  t o  p l ane ta ry  re-entry.  

The r e p o r t  i s  presented  i n  t h r e e  complementary p a r t s .  The 

f i r s t  p a r t  o u t l i n e s  t h e  purpose and scope of t h e  program, summarizes i ts  

major r e s u l t s ,  and p resen t s  t h e  c o n t r i b u t o r s  conclusions and recommenda- 

t i o n s .  

appl ied  t o  t h e  s o l u t i o n  of t h e  problem of h e a t  t r a n s f e r  i n  observa t ion  

window systems t y p i c a l  of t hose  a p p l i c a b l e  t o  re-entry type  spacec ra f t .  

The t h i r d  p a r t  p re sen t s  t h e  methods and r e s u l t s  of tests t o  examine t h e  

v a l i d i t y  of t h e  developed computer program t o  s imula t e  t h e  thermal  be- 

havior  of spacec ra f t  window systems opera t ing  i n  severe thermal  environ- 

ment s. 

The second p a r t  desc r ibes  t h e  theory  and mathematical  models 
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Foreword 
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This  work i s  sponsored by t h e  Nat iona l  Aeronautics and Space 

Adminis t ra t ion i n  o rde r  t o  improve t h e  p r e s e n t l y  a v a i l a b l e  means t o  de- 

termine t h e  thermal  behavior  of semi t ransparent  windows, NASA's i n t e r e s t  

c e n t e r s  on t h e  u s e  of window materials i n  spacecraft--both f o r  human and 

instrument  observat ion.  

j e c t e d  t o  adverse  thermal  environments, e s p e c i a l l y  those  a t t endan t  t o  

p l ane ta ry  re-entry,  i s  one i s s u e  which sponsors  t h e  inqui ry .  

p o r t  of hea t  from t h e  environment through t h e  window system i s  another .  

The s t r u c t u r a l  i n t e g r i t y  of window systems sub- 

The t r ans -  

The thermal  environment expected by s p a c e c r a f t  window systems 

dur ing  re-entry is severe. Instantaneous and t i m e  v a r i a t i o n s  i n  hea t  

f l u x  from t h e  environment v i a  convect ion and r a d i a t i o n  mechanisms are 

extremely l a r g e  compared wi th  common engineer ing experience.  A t  t h e  

same t i m e ,  t h e  demands f o r  p r e c i s e  knowledge of t h e  thermal  behavior  

of t h e  windows is  augmented by t h e  very  n a t u r e  of t h e i r  use.  

i ng ly ,  t h i s  work i s  d i r e c t e d  t o  b u i l d  on t h e  e x i s t i n g  s c i e n t i f i c  and 

engineer ing background on t h e  sub jec t .  

Accord- 
' 

Contract  NAS 9-4204, adminis tered by t h e  Manned Spacecraf t  

Center ,  Houston, Texas, provides  t h i s  summary r epor t  of a l l  work d i r e c t e d  

t o  t h e  u s e  of a computer s imula t ion  t o  p r e d i c t  t h e  behavior of m u l t i p l e  

pane windows f o r  use  i n  spacec ra f t  of t h e  near  fu tu re .  I n  add i t ion ,  as 

p a r t  of t h i s  c o n t r a c t ,  a manual of i n s t r u c t i o n  t o  p o t e n t i a l  u s e r s  of 

t h e  developed computer program i s  i s sued  under s e p a r a t e  cover. 

Technical  admin i s t r a t ion  of t h e  c o n t r a c t o r ' s  work w a s  under t h e  

d i r e c t i o n  of M r .  Robert S. Harris, Jr., Manned Spacecraf t  Center, Thermo- 

S t r u c t u r e s  Branch, Nat iona l  Aeronautics and Space Adminis t ra t ion,  Houston, 

Texas. 
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SUMMARY 

1 

arthrtr b.XittIe,llnt. 



I. PURPOSE AND SCOPE 

The o b j e c t i v e  of t h i s  program has been t o  develop improved 

methods f o r  eva lua t ing  t h e  thermal behavior  of obse rva t ion  windows f o r  

u se  i n  p l ane ta ry  re-entry veh ic l e s .  

of t h e  thermal behavior  of mul t ip le -g laze  window systems opera t ing  under 

condi t ions  t y p i c a l  of t hose  a t t endan t  t o  p l ane ta ry  re -en t ry ,  2) t h e  

development of a computer program f o r  p red ic t ing  t h i s  behavior ,  and 

3)  an experimental  program t o  test t h e  v a l i d i t y  of t h e  p r e d i c t i v e  tech- 

niques developed. 

The work inc ludes :  1) an  a n a l y s i s  

This  r e p o r t  documents t h e  r e s u l t s  of a l l  work completed under 

t h i s  program. A complementary r e p o r t  e n t i t l e d ,  "A Computer Program f o r  

t h e  P red ic t ion  of Heat Transfer  i n  Mul t ip l e  Glaze Transparencies:  A 

Users Manual," dated 25 August 1966, a l s o  r e s u l t s  from t h i s  e f f o r t .  

2 
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11. RESULTS 

n 
1 

1 ". Y 

A computer program f o r  s imula t ing  t h e  thermal  behavior of win- 

dow systems i n  extreme thermal  environments has  been developed. The 

a n a l y s i s  providing t h e  b a s i s  f o r  t h i s  computer progran i s  presented  i n  

P a r t  2 of t h i s  r e p o r t .  

gram c a r r i e d  out  t o  test t h e  a b i l i t y  of t h e  computer program t o  p r e d i c t  

t h e  behavior of windows under condi t ions  of i n t e r e s t .  

P a r t  3 desc r ibes  i n  d e t a i l  t h e  experimental  pro- 

The measure of success  a t t a i n e d  i n  meeting t h e  o b j e c t i v e s  of 

t h i s  program i s  b e s t  demonstrated by comparisons between the  p red ic t ed  

and t h e  measured thermal  performance of sample windows t e s t e d  under con- 

t r o l l e d  experimental  condi t ions .  To t h i s  purpose tests were c a r r i e d  out 

i n  t h i s  program (ADL t e s t s )  on q u a r t z ,  a luminos i l i ca t e  and gold-coated 

quar tz  window samples i n  t h e  form of d i s k s  0.635 cm t h i c k  and 6.35 cm 

i n  diameter.  

water cooled w a l l s .  The chamber a l s o  contained a r e s i s t an t -hea ted  gra-  

p h i t e  c a v i t y  as a source  of high temperature  thermal  r a d i a t i o n .  

v i s i o n s  were made f o r  t h e  sudden exposure of t h e  window samples o r i g i n a l l y  

held a t  n e a r  ambient temperature  levels t o  t h e  source.  

instrumented on both f aces  wi th  gold f i l m  temperature  senso r s  and measure- 

ments of temperature  vs .  t i m e  were recorded as t h e  samples w e r e  heated.  

Measurements of t h e  t o t a l  thermal i r r a d i a n c e  leaving  t h e  back s u r f a c e  

of t h e  window samples were made a l s o .  

These samples were placed i n  an evacuated chamber wi th  

Pro- 

The samples w e r e  

Computer p r e d i c t i o n s  w e r e  a l s o  compared wi th  t h e  r e s u l t s  of 

two experiments c a r r i e d  out  by Midwest Research I n s t i t u t e  (MRI) and re- 

por ted  i n  r e fe rence  3. The f i r s t  experiment involved an instrumented 

96 percent  s i l i ca  window d i s k  convec t ive ly  ( torch)  heated a t  one s u r f a c e  

i n  a room environment. 

temperature on both f a c e s  of t h e  sample, and t h e  n e t  f l u x  p e r  u n i t  area 

leaving  t h e  unheated f a c e  of t h e  sample were measured a t  s t eady  state. 

The convect ive h e a t  f l u x  p e r  u n i t  area, t h e  

The second experiment involved t h e  cooldown of an o r i g i n a l l y  heated window 

3 
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sample i n  a room environment. 

as a func t ion  of t i m e .  
Window s u r f a c e  temperature  w a s  measured 

Table  I summarizes t h e  cond i t ions  of a l l  experiments used t o  

test t h e  v a l i d i t y  of t h e  developed computer program. 

6 i l l u s t r a t e  l abora to ry  test r e s u l t s  and compares them wi th  those  pre- 

d i c t e d  by computer s imula t ions .  

Figures  1 through 

The r e s u l t s  of computer runs made i n  o rde r  t o  check t h e  func- 

t i o n  of t h e  computer program when programmed t o  handle  window systems 

wi th  m u l t i p l e  panes and r e f l e c t i v e  coa t ings  are shown i n  Figures  7 and 

8. 

F igures  9 and 10 dep ic t  t h e  r e s u l t s  of l abora to ry  experiments 

conducted t o  v e r i f y  t h e  a b i l i t y  of t h e  computer program t o  p r e d i c t  t h e  

behavior  of windows wi th  r e f l e c t i v e  coa t ings .  

a t t a i n e d  f o r  t h e  r e f l e c t i v e  p r o p e r t i e s  of t h e  gold f i lm  w e r e  destroyed 

i n  c a l i b r a t i o n  tests and computer s imula t ions  were no t  attempted. 

This  o b j e c t i v e  w a s  no t  

Examination of Figures  1 through 6 reveals t h a t  t h e  d i f f e r e n c e  

between a l l  measured and p red ic t ed  temperatures never  exceeded f i v e  per- 

cen t  o f  t h e  average of t h e  measured and p red ic t ed  temperatures.  

measured temperatures  i n  tests completed i n  t h i s  program were wi th  few 

except ions h ighe r  than t h e  p red ic t ed  va lues .  

temperatures  i n  ADL tests were c o n s i s t e n t l y  lower than  t h e  p red ic t ed  t e m -  

p e r a t u r e s  and t h e  degree of t h i s  d i s p a r i t y  is explained ( i n  P a r t  3 )  mainly 

by t h e  non one-dimensional c h a r a c t e r  of t h e  hea t  t r a n s p o r t  i n  t h e  test 

window samples engendered by t h e  test condi t ions .  Any r e s i d u a l  d i f f e r e n c e  

n o t  explained on t h i s  b a s i s  l ies wi th in  t h e  unce r t a in ty  i n t e r v a l  of t h e  

measured temperatures.  

The 

The f a c t  t h a t  t h e  measured 

i'l 

'"1 
G 

The d i f f e r e n c e  between measured and p red ic t ed  va lues  of t h e  hot  

f a c e  temperatures  minus t h e  cold f a c e  temperatures  of t h e  test  window 
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Test Sample 

Sample Location 
(Distance 

Sample Sample Cavity from Cavity 
Thickness Diameter Tem erature Aperture) 

(cm) (cm) + (cm) 
Test Conditions 

Reference 
Reference Experiment 
Figure No. Number 

1 
2 

3 
4 

9 

10 

45 

46 

51 

52 

48 

49 

Reference 
FigureNo. 

Reference 
Computer 

Run 

TABLE 1 
S U M ~ R Y  OF TEST CONDITIONS 

ADL TEST AND COMPUTER SIMULATIONS 

I I I I 

S u rrou ndi ng ~1 
Fused Silica 
(Quartz) 0.635 

6.35 3.20 

Sudden 
Irradiation 
from Black 
Body Cavity 
Source in 
Vacuum Black 
Cooled-Wall 
Surrou ndi ngs 1 0.635 1 6.35 1 i:z 1 3.60 

Quartz with 
Gold" Fi Im 

"Reflecting properties of gold f i lm destroyed in calibration tests. No computer simulation attempted. 

MRI TESTS AND ADL COMPUl 

Energy Ambient 
Source 

R SIMULATIONS 
I I 

Sample Sample 
Diameter 

(cm) 

5.08 

Test Conditions 

Convective 
heat f lux 
directed to 
one face 
equal to 3.7 
wattslcm2 

5 

6 

Steady state forced convective 
heating of one surface of sample 
in room air surroundings. 
Other surface faces a cooled 
calorimeter spaced 0.444 cm 
from it. Cooldown in room air 
from l l @ K  

ADL Run 60 

ADL Run 60 
96% Silica 0.195 

I 

ADL COMPUTER TEST SIMULATIONS ONLY 

I I Sample Location 
(Distance 

from Cavity 
Aperture 

(cm) 

Sample 
Reference 

Reference Computer 
FigureNo. Run 

/ 

Sample Cavity 
Temperatu re 

(OK) 

Surrounding 
Temperature 

(OK) 
Test Sample I T h i & y s  

I Test Conditions 

~ AD[ Run 4 - I 1310 0.635 
Gold Fi I m 3.60 294 Sudden 

. Irradiation 
96% Silica at from Black 
3.60 cm alumi- Body Cavity 
nosi licate placed 294 in Vacuum 
behind& parallel Black Cooled- 
close but not Wall 
touching. Surroundings. 

I 
\ 

8 ADL Run 2 90% Silica + 
Aluminosilicate 

0.635 
(each) 

1900 

5 
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Experiment No. 46 
Cavity Temperature 1308°K 
ADI, Test Data 
Computer Prediction -- 
Hot Face Temperature TH 
Cold Face Temperature TC 
Exit Flux Per Unit Area H 

- 

I I I I I I 1 I 1 I I I I I 
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Time - Seconds 

FIGURE 2 COMPARISON O F  ANALYTICAL AND EXPERIMENTAL RESULTS -- QUARTZ 
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LEGEND ____ 
Experiment No. 51 
Cavity Temperature  1123°K 
ADL Test Data - 
Computer Prediction -- 
Hot Face Temperature  TH 
Cold Face Temperature  TC 
Exit Flux Per  Unit Area H 
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FIGURE 3 COMPARISON O F  ANALYTICAL AND EXPERIMENTAL RESULTS - - ALUMINOSILICATE 
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LEGEND: 

Convective Heat (Hot Face) 
MRI Test Data - 3 .2  watt/cm 2 
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I 

Hot Face Cold Face Temperature Net Heat Flux 
Temperature Temperature Difference Per Unit Area To 
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Between Faces Calorimeter 

FIGURE 5 COMPARISON OF ANALYTICAL AND EXPERIMENTAL 
RESULTS -- 96% SILICA 
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samples never  exceeded 30 percent  of t h e  average of t h e  measured and 

p red ic t ed  va lues .  I n  a l l  bu t  one out  of f i v e  tests t h i s  d i f f e r e n c e  

w a s  never more than  15 percent .  

p red ic t ed  va lues  are spanned by t h e  u n c e r t a i n t y  i n t e r v a l s  of t h e  

measured temperatures;  however, t h e  case of t h e  30 percent  d i f f e r e n c e  

may be b e s t  considered a p o i n t  on t h e  s t a t i s t i ca l  f r i n g e  of t h e  uncer- 

t a i n t y  i n t e r v a l .  

The d i f f e r e n c e s  between measured and 

Again, examination of F igures  1 through 6 shows t h a t  t h e  d i f -  

f e r ence  between t h e  measured and p red ic t ed  thermal f l u x  p e r  u n i t  area 

leaving  t h e  back (cold)  f a c e  of t h e  test  window samples never exceeded 

19 percent .  

i n  ADL tests is  c o n s i s t e n t l y  p o s i t i v e .  This  f a c t  i s  i n  agreement wi th  

and i s  explained i n  about h a l f  measure by t h e  non one-dimensional char- 

a c t e r  of t h e  hea t  t r a n s p o r t  i n  t h e  window samples under test condi t ions .  

I n  add i t ion ,  t h e  measurements of t h e  thermal  f l u x  leaving  t h e  test win- 

dow samples shown i n  Figures  1 through 4 are est imated t o  be some few 

percent  lower than  t h e  a c t u a l  va lues  because of i d e n t i f i a b l e  reasons 

explained i n  P a r t  3 .  

The discrepancy between p red ic t ed  minus measured f l u x e s  

F igures  5 and 6 appear i n  s t rong  support  of t h e  v a l i d i t y  of 

t h e  developed computer program t o  handle  problems of hea t  t r a n s p o r t  i n  

semi-transparent g l az ings  wi th  convect ive as w e l l  as r ad ian t  hea t  t rans-  

p o r t  at boundaries.  

F igure  7 i s  produced as evidence of t h e  a b i l i t y  of t h e  computer 

program t o  handle  windows wi th  r e f l e c t i v e  coa t ings .  

case involves  a qua r t z  window wi th  a r e f l e c t i v e  gold  f i l m  wi th  a pass  

band i n  t h e  v i s i b l e  spec t r a .  

t o  Figure 2. Q u a l i t a t i v e l y  t h e  d i f f e r e n c e s  are i n  order .  

f i l m  sample is  less t r a n s p a r e n t  t han  t h e  uncoated qua r t z ,  and t h i s  fact 

shows i n  t h e  lower va lue  of t h e  thermal  f l u x  leaving .  

t h i s  f a c t  t h e  temperature  levels are h ighe r  and t h e  temperature  d i f f e r -  

ences  between t h e  ho t  and cold s u r f a c e s  of t h e  test sample are reduced. 

The computer test 

The r e s u l t s  of Figure 7 are t o  be compared 

The gold 

Cons is ten t  w i th  
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F igure  8 i l l u s t r a t e s  t h e  a b i l i t y  of t h e  computer program t o  

s imula te  t h e  thermal behavior  of mult i -glaze samples. The r e s u l t s  are 

compatible wi th  c e r t a i n  arguments based on phys ica l  reasoning. 

s t ance ,  t h e  temperature  of t h e  a luminos i l i ca t e  window rises comparatively 

slowly f o r  the i n c i d e n t  energy from t h e  source ,  f i l t e r e d  by t h e  96 percent  

s i l i c a  window, l i es  p r imar i ly  i n  i t s  t r anspa ren t  band. The thermal  f l u x  

leaving  t h e  a luminos i l i ca t e  window i s  due almost e n t i r e l y  t o  t h a t  t r ans -  

mi t ted  through t h e  two panes i n  t h e i r  semi-transparent bands and is  

t h e r e f o r e  n e a r l y  cons tan t  f o r  t h e  du ra t ion  of t h e  test per iod.  The 

magnitude of t h e  t r ansmi t t ed  f l u x  i s  i n  agreement wi th  simple f i r s t  o rde r  

c a l c u l a t i o n s .  From t h e s e  and s imi la r  observa t ions  we  b e l i e v e  t h a t  t h e  

computer program adequately s imula tes  t h e  behavior  of multi-pane window 

systems. 

For in-  

Figures  9 and 10 show t h e  r e s u l t s  of l abora to ry  tests meant t o  

I n  test t h e  behavior  of a window sample wi th  a r e f l e c t i v e  gold f i lm.  

f a c t ,  t h e  r e f l e c t i v e  p r o p e r t i e s  of t h e  gold f i l m  were destroyed during 

c a l i b r a t i o n  runs and f o r  a l l  p r a c t i c a l  purposes t h e  window behaved as i f  

i t  were clear quar tz .  Subsequent measurements of s p e c t r a l  t ransmi t tance  

and r e f l e c t a n c e  on t h i s  test sample when compared wi th  those  of a c l e a r  

quar tz  confirmed t h i s  f a c t .  
" I  

i 
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111. CONCLUSIONS AND RECOMMENDATIONS 

The developed computer program i s  a u s e f u l  t o o l  f o r  p r e d i c t i n g  

t h e  thermal behavior  of mult i -glaze window systems, p a r t i c u l a r l y  i n  t h e  

thermal environments a t t endan t  t o  p l ane ta ry  re-entry.  

tween experimental  d a t a  r e s u l t i n g  from v a l i d a t i o n  tests and computer pre- 

d i c t i o n s  i s  good. I n  f a c t ,  t h e  d i s p a r i t y  between t h e  r e s u l t s  of computer 

s imula t ions  and co r rec t ed  test  d a t a  have not  proved l a r g e  enough nor con- 

s i s t e n t  enough t o  r e v e a l  any b a s i c  inadequacy i n  t h e  computer program. 

The agreement be- 

The developed computer program i s  an  extremely d e t a i l e d  repres-  

e n t a t i o n  of t h e  thermal  behavior  of window. This  d e t a i l  r e f l e c t s  i n  a 

demand f o r  input  d a t a  and computer running cos ts .  The computer program 

runs  at  a 3 . 6  t o  1 r a t i o  t o  real t i m e  on an IBM 7090, so computer c o s t s  

are not  excess ive  even though no at tempt  has  been t o  f i n d  t h e  optimum 

balance between numerical  accuracy and computing t i m e .  On t h e  o the r  

hand input  d a t a  having t h e  d e t a i l e d  s t r u c t u r e  t h a t  can be  handled by 

t h e  computer program i s  d i f f i c u l t  t o  provide.  For t h i s  reason,  i t  

would be u s e f u l  and i n s t r u c t i v e  t o  test t h e  e f f e c t  of var ious  kinds and 

degrees  of s i m p l i f i c a t i o n  of input  d a t a  on t h e  p red ic t ed  r e s u l t s .  

18 
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I. INTRODUCTION 

I n  t h i s  s ec t ion  we descr ibe  an ana lys i s  f o r  determining the  

temperature d i s t r i b u t i o n  i n  mul t ip l e  glazing systems as a function of 

pos i t i on  and t i m e .  The method used accounts f o r  both r ad ia t ion  and con- 

duction i n  the  g l a s s  s l abs ,  r ad ia t ion  and convection i n  t h e  spaces between 

t h e  s l abs ,  and r e f l ec t ed  and t ransmi t ted  r ad ia t ion  a t  sur face  coatings. 

Variations i n  thermal conductivity and heat capacity of t h e  window materials 

as a function of temperature and va r i a t ions  i n  c e r t a i n  o p t i c a l  p roper t ies  

as a func t ion  of wavelength, temperature and angle are accommodated. 

is  assumed t h a t  t he  temperature i s  a function of only a s i n g l e  coordinate 

perpendicular t o  the  s lab .  

It 
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11. THEORY OF HEAT TRANSFER 
THROUGH SEMITRANSPARENT CONDUCTING SLABS 

A. INTERIOR POINTS 

A t  h igh temperatures both phonon conduction and the  absorpt ion 

and emission of r a d i a t i o n  a r e  important cont r ibu tors  t o  the  t r anspor t  of 

hea t  i n  g l a s ses .  Therefore, the  usual d i f fus ion  equation governing hea t  

flow m u s t  be extended t o  include the  e f f e c t s  of r ad ia t ion .  W e  w i l l  de- 

velop t h i s  extension f o r  t he  case i n  which the  temperature i s  a funct ion 

of only a s i n g l e  coordinate,  say x, perpendicular t o  the  s labs .  We w i l l  

use  a genera l iza t ion  of Schuster '  s two-beam method(21&o account f o r  t h e  

r a d i a t i v e  t r a n s f e r  i n  the  wavelength region i n  which the  g l a s s  i s  s e m i -  

t ransparent .  

r a d i a t i v e  e f f e c t s  can be ignored. 

* 

I n  the  wavelength region i n  which the  g l a s s  i s  opaque, the  

Figure 11 shows an element of thickness  dx i n  t h e  i n t e r i o r  of A 

s l ab  with two rays of i n t e n s i t i e s  I(x,B,h) and J(x,B,X) t ravers ing  the  

element i n  opposi te  d i r ec t ions  a t  an angle  e with respec t  t o  the  x-axis.  

Here X i s  the  wavelength i n  microns, and the  i n t e n s i t y  i s  given i n  un i t s  

of watts-cm - s t e rad ian  -micron . -2  -1 -1 

The i n t e n s i t i e s  I and J vary with dis tance,  s, along the  rays 

according t o  the  equations 

= a (E-I) as 

aJ - as = QI (E-J) 

where 
-1 

QI = QI (X,T) i s  the  absorpt ion c o e f f i c i e n t  (cm ) a t  the  wave- 

length h and temperature T(OK) 
-2 -1 -1 

E i s  the  i n t e n s i t y  of emission (watts-cm - s t e rad ian  -micron ) 

* Numbers i n  parentheses r e f e r  t o  references l i s t e d  i n  Appendix C a t  
end of repor t .  
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FIGURE 11 ILLUSTRATION FOR RADIANT HEAT 
TRANSFER ANALYSIS 
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The i n t e n s i t y  of emission depends on the  

t h e  index of r e f r a c t i o n ,  n, according t o  

I 

Planck r a d i a t i o n  func t ion  and 

t h e  r e l a t i o n  

I 
2 

E = -  B(A,T) = - n 
2 n 

C /AT 
5( * -1) 

Tr 
A e  

Equations 1 and 2 can be transformed t o  depend on x 

making t h e  s u b s t i t u t i o n  

dx = ds cos9 

so  t h a t  
a1 
ax cose - = a (E  - I) 

aJ - cos@ ax = a ( E  - J> 

(3) 

r a t h e r  than  s by 

( 4 )  

Equations 5 and 6 r ep resen t  a doubly i n f i n i t e  se t  of equat ions 

covering a l l  angles  and wavelengths. I n  p r a c t i c e  a number of s impl i fy-  

i ng  assumptions and approximations must be made i n  o rde r  t o  o b t a i n  a 

so lu t ion .  I n  t h e  f i r s t  place,  t h e  m a t e r i a l  i s  cha rac t e r i zed  by two w e l l -  

def ined s p e c t r a l  reg ions .  

l a rge ,  and t h e r e f o r e  E = I and no s i g n i f i c a n t  h e a t  t r a n s p o r t  by r a d i a t i o n  

occurs ;  thus t h e  i n t e n s i t i e s  I and J need no t  be ca l cu la t ed  i n  t h i s  wave- 

l eng th  region.  I n  t h e  o the r  reg ion  ( t h e  semi t ransparent  reg ion)  Equa- 

t i o n s  5 and 6 must be solved, bu t  one cons iders  a s m a l l  number N of 

conica l  beams a t  va r ious  angles  and a s m a l l  number M of  wavelengths. 

Also one restricts t h e  number P of p l aces  i n  t h e  s l a b s  a t  which t h e  in-  

t e n s i t i e s  are ca l cu la t ed .  Thus 2MNP i n t e n s i t i e s  must be  computed f o r  

each va lue  of t he  t i m e .  Unfortunately f o r  even q u i t e  modest va lues  of 

M, N, and P ( f o r  example, M = 30, N = 4, P = 20, which are t h e  nu.mbers 

chosen i n  t h e  program t o  be descr ibed)  t h e  number 2MNp may be  prodigious 

(4800 i n  t h e  p re sen t  example). 

I n  one r eg ion  ( t h e  opaque reg ion)  a i s  very 

I n  Equations 5 and 6 t h e  temperature T i s  a v a r i a b l e  which 

m u s t  be  c a l c u l a t e d  from t h e  d i f f u s i o n  equat ion  which has  been genera l ized  

23 



t o  inc lude  t h e  e f f e c t s  of r a d i a t i o n .  This equat ion i s  

where 
-3  -1 

-1 
Cp i s  h e a t  capac i ty ,  j ou le s  cm (OK) 

K i s  thermal conduct iv i ty ,  watts cm 

du i s  an element of s o l i d  angle,  s t e r a d i a n s  

t i s  t h e  t i m e ,  seconds. 

It has a l ready  been noted t h a t  a i s  a func t ion  of  t h e  temperature, and 

so  a r e  C and K. The i n t e g r a t i o n  over t h e  s o l i d  angle  extends over a 

hemisphere, and t h e  i n t e g r a t i o n  over  wavelength extends over t h e  s e m i -  

t ransparent  s p e c t r a l  band. 

Equation 7 and t h e  set  of equat ions of t h e  form of Equations 

5 and 6 a r e  a l l  t h a t  a r e  needed t o  desc r ibe  t h e  v a r i a t i o n  of temperature 

and i n t e n s i t y  of r a d i a t i o n  a t  i n t e r i o r  po in t s .  

B . BOUNDARY CONDITIONS 

I n  order  t o  f i n d  a unique s o l u t i o n  t o  t h e  set  of d i f f e r e n t i a l  

Equations 5, 6, and 7 i t  i s  necessary t o  p r e s c r i b e  c e r t a i n  condi t ions  

t h a t  must be s a t i s f i e d  a t  t he  boundaries of t h e  s l a b s ,  I n  add i t ion  t o  

t h e  usual  condi t ions  regarding the  temperature and i t s  normal der iva-  

t i v e ,  the  ex te rna l  r a d i a t i o n  i n t e n s i t y  I must be s p e c i f i e d  on t h e  l e f t -  

hand s i d e  and t h e  ex te rna l  r a d i a t i o n  i n t e n s i t y  J must be  s p e c i f i e d  on 

the  right-hand s ide .  

t he  angle,  wavelength, and t i m e .  It i s  t o  be noted t h a t  the  number of 

incoming beam i n t e n s i t i e s  t o  be s p e c i f i e d  a t  a boundary i s  less than the  

number MN of beams t r a v e l i n g  i n  the  incoming d i r e c t i o n  j u s t  i n s i d e  the  

boundary because en te r ing  beams are r e f r a c t e d  i n t o  a cone of ha l f - ang le  

less than ~ / 2  ( ac tua l ly ,  about 7r/4 i n  g l a s s ) ,  whi le  some of t h e  i n t e r i o r  

beams s u f f e r  t o t a l  i n t e r n a l  r e f l e c t i o n .  The complete boundary condi t ion  

on I a t  t h e  le f t -hand  s i d e  of a s l a b  i s  

e 

e 
Both i n t e n s i t i e s  must be s p e c i f i e d  a s  func t ions  of 
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i 
I 

I- 1 

i 
..1 

cos0 du, 
4- R J  e e  

I = (1 - R u e  ease 

where 

R i s  the r e f l e c t i o n  coef f ic ien t  as a function of angle and 

wave1 eng t h  

- i s  the r a t i o  of in f in i tes imal  so l id  angles occupied by the dcu 
external and corresponding in te rna l  beams 

e i s  the angle of the beam outs ide the g lass  e 

The angles e and ee a r e  re la ted  by Snel l ' s  law 

n s i n e  = sine, 

Hence i t  can be shown t h a t  

Thus the boundary condition becomes 

2 I = (1 - R)n Ie 4- R J  

The i n t e n s i t y  of the left-hand external emergent beam, Je, can 

a l so  be calculated from Ie and J by the formula 

J (1 - R)T 4- R I e  
n Je 

Clearly Equation 1 2  appl ies  only t o  those beams which a r e  not t o t a l l y  

in te rna l ly  ref lected.  For the t o t a l l y  in te rna l ly  re f lec ted  beams the 

boundary equations are merely 
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I = J  (13) 

Je = 0 (14) 

A t  t h e  r ight-hand boundary of a s l ab ,  t h e  condi t ions  on the  

pene t r a t ing  beam i n t e n s i t i e s  a r e  

(15) 
2 

J = (1 - R)n Je + R I  

(16) 
Ie = (1 - R) I + R J e  

n 

Again, f o r  t h e  t o t a l l y  i n t e r n a l l y  r e f l e c t e d  beams t h e  boundary equat ions 

a r e  

J = I  (17) 

Ie = 0 (18) 

I n  these  l as t  four  equat ions I i s  the  i n t e n s i t y  of  t h e  emergent beam 

and J i s  t h e  prescr ibed  i n t e n s i t y  of t h e  inc iden t  beam. 
e 

e 

It i s  important t o  c a l c u l a t e  t h e  i n t e n s i t i e s  of t h e  emergent 

beams because i n  mul t ip l e  pane systems t h e  beam emergent from one pane 

i s  inc iden t  on t h e  next  pane and so on. Furthermore i t  i s  necessary t o  

c a l c u l a t e  t h e  f l u x  t h a t  e n t e r s  t he  cabin  through t h e  window system. 

I n  our work w e  have assumed t h a t  p o l a r i z a t i o n  e f f e c t s  are neg- 

l i g i b l e .  I n  case t h e  s u r f a c e  of t h e  s l a b  i s  uncoated, w e  assume t h a t  

t h e  i n t e n s i t y  r e f l e c t i o n  c o e f f i c i e n t  R i s  given by t h e  Fresne l  formula 

I 
s i n  2 (e - e )  

R = -  e 

COS (ee + e )  
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where 

..I” 
I 

i 

‘ I  
i 

.*.2 

8 i s  the  angle between the normal and the  direct ion of the 

beam inside the glass  

ee i s  the angle between the normal and the  direct ion of the  

beam outs ide the glass .  

In  case the surface i s  coated, w e  assume tha t  the r e f l ec t ion  

coef f ic ien t  R i s  a known function of angle and wavelength. 

It i s  w e l l  known tha t  there  ex i s t s  a c r i t i c a l  angle ec such 

tha t  

n s ine  = 1 (20) 
C 

Beyond th i s  angle t o t a l  in te rna l  r e f l ec t ion  occurs and the re f lec t ion  

coeff ic ient  i s  taken t o  be unity. 

It i s  desirable  to  note here tha t  the beams outside of the 

c r i t i a l  angle which a r e  t o t a l l y  in te rna l ly  ref lected a r i s e  only through 

the self-emission within the pane of glass  i n  which they are  trapped, 

while the beams inside the c r i t i c a l  angle may also a r i s e  because of in- 

cident beams or  through the self-emission of other panes. This tcrns out 

to  have an important bearing on the methods employed to  ca lcu la te  the 

in t ens i t i e s  of the two sets of beams, as  w i l l  be  made c lear  i n  the 

section on Numerical Methods, Section 111. 

In  the present treatment, three types of boundary conditions 

a r e  applicable to the solution of Equation 7. These three types of con- 

di t ions correspond to  three physically d i f fe ren t  locations.  In  the f i r s t  

place, there i s  the glass-air  boundary on the outside of the window sys- 

tem. 

perature T = T1 s a t i s f y  the condition 

This w i l l  always be denoted as boundary #l. Here we l e t  the  tem- 

[K ~] i- hl(Tl - T1) + q1 - E~~JT: = 0 
1 
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where 

t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  watts cm-2(oK)-1 

t h e  temperature  of the  o u t s i d e  gas, O K  

t h e  h e a t  absorbed a t  t h e  boundary, o t h e r  than by gas  

conduction o r  convection, w a t t s  cm . -2 

- 
1, T1, and q The t h r e e  q u a n t i t i e s  h 

of t i m e .  

are taken t o  be p re sc r ibed  func t ions  1 

A s p e c i a l  word of explana t ion  i s  needed t o  desc r ibe  t h e  s u r f a c e  

emis s iv i ty  E which appears i n  Equation 21. W e  must account f o r  t h e  r a -  

d i a t i o n  i n  t h e  opaque wavelength reg ion  which i s  emi t ted  by t h e  sur face .  

We have a r b i t r a r i l y  assumed t h a t  t h i s  i s  given by t h e  express ion  E oT 1 1 '  
This means t h a t  E i s  a func t ion  of t h e  temperature T and i s  given by 1 1 

1 

4 

It i s  t o  be noted t h a t  t h e  

reg ion  which c rosses  t h e  boundary i s  

boundary equat ions on I and J. 

I n  t h e  second p lace  w e  may 

t o  t h e  system and which f a c e  another  

Here the  boundary condi t ion  on T i s  i 

r a d i a t i o n  i n  t h e  semi t ransparent  

accounted f o r  s e p a r a t e l y  by t h e  

t r ea t  boundaries which are i n t e r n a l  

pane of  g l a s s ,  a s  shown i n  F igure  12. 

4 4 
E . ~ T  -a E 

= o  (23)  
1 i i i+loTi+l 

a. 1 + ai+l - ai 

where 

g .  i s  the  conductance of t h e  in te rvening  gas space,  
3 -2 

watts cm ( 0 ~ 1 - l  
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opaque 
4 E =  

UT i 
i 

The q u a n t i t y  a. i s  the  absorptance of s u r f a c e  i f o r  r a d i a t i o n  
1 

impinging on it. This r a d i a t i o n  i s  n o t  s t r i c t l y  blackbody, s i n c e  i t  

a r i s e s  from su r faces  i and i+l a t  two d i f f e r e n t  temperatures.  It i s  

t h e r e f o r e  d i f f i c u l t  t o  g ive  a r igorous  d e f i n i t i o n  of  a.. However, i f  

t h e  su r face  i i s  grey i n  the  opaque wavelength region,  then 
1 

) - - 
ai Ei(Aopaque 

I n  our work w e  assume t h a t  E . ( X  ) e x i s t s .  
1 opaque 

I n  t h e  t h i r d  p l a c e  w e  must t rea t  t h e  f i n a l  bc tndary rhich i s  

on the  cabin  s i d e  of t h e  window system. 

t h e  temperature T i s  

Here t h e  boundary condi t ion  on 

n 

- [K E] - E,CTT, 4 + gc(Tc - - Tn) + anuTc - 4  0 

n 

where 

T i s  the  temperature of t he  l a s t  boundary n 

_ -  opaque 
4 E "  n CTT n 

g i s  the  h e a t  t r a n s f e r  c o e f f i c i e n t  from t h e  g l a s s  s u r f a c e  t o  
C 

t h e  cabin,  w a t t s  cm -2(oK)-1. This i s  taken t o  be cons tan t .  
- 
T i s  t h e  temperature of t h e  cabin,  OK. This i s  taken t o  be a 

C 

p rescr ibed  func t ion  of t h e  t i m e .  

- 1  
I 

*-*- 

:.I 
1 

" 5  

t 
I 

s i  

x 
i 
.I 
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I f  w e  assume t h a t  the  rad ia t ion  coming from the cabin is  black- 

body , then 

V I  
C 

C. INITIAL CONDITIONS 

As i n  a l l  t rans ien t  thermal problems the i n i t i a l  temperature 

d i s t r i b u t i o n  (say, a t  t i m e  t = 0) must be specif ied as a function of the 

coordinate x. It w i l l  be observed t h a t  the  d i f f e r e n t i a l  Equations 5 and 

6 for  the beam i n t e n s i t i e s  I and J do not involve any t i m e  der ivat ives  

and thus these i n t e n s i t i e s  need not be specif ied i n i t i a l l y .  Rather, the 

i n t e n s i t i e s  can be  calculated a t  the i n i t i a l  t i m e  by means of the  bound- 

ary conditions and Equations 5 and 6 .  
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111. NUMERICAL METHODS 

A .  DIVISION INTO ZONES 

I n  o rde r  t o  s o l v e  numerical ly  Equations 5, 6 ,  and 7 with  t h e i r  

a s soc ia t ed  boundary and i n i t i a l  condi t ions ,  i t  i s  necessary t o  convert  

t h e  d i f f e r e n t i a l  equat ions  i n t o  f i n i t e  d i f f e r e n c e  equat ions.  It i s  a l s o  

obviously necessary  t o  restrict  t o  a f i n i t e  number t h e  va lues  of temper- 

a tu re ,  t i m e ,  i n t e n s i t y ,  angle,  and so on t o  be considered.  I n  doing 

t h i s  w e  have considered several a l t e r n a t i v e s  and s e l e c t e d  the  methods 

which w e  judge t o  be t h e  most appropr ia te .  

I n  t h e  f i r s t  place,  w e  d iv ide  t h e  panes i n t o  a number of zones, 

bounded e i t h e r  by the  a c t u a l  g lass -gas  i n t e r f a c e s  o r  by imaginary bound- 

aries w i t h i n  t h e  g l a s s .  Within each zone w e  l e t  t h e  temperature  vary 

p a r a b o l i c a l l y  as a func t ion  of x and w e  l e t  t he  i n t e n s i t i e s  of the beams 

vary  exponent ia l ly .  Each zone i s  cha rac t e r i zed  by i t s  mean and boundary 

temperatures,  and the  i n t e n s i t i e s  of t h e  beams of r a d i a t i o n  c ros s ing  t h e  

boundaries of t h e  zone. The var ious  p e r t i n e n t  phys ica l  p r o p e r t i e s  of 

t h e  g l a s s  which are temperature dependent are evaluated on t h e  b a s i s  of 

t h e  mean temperature of t h e  zone. 

thermal conduct iv i ty  K, which i s  evaluated on the  b a s i s  of t h e  appropri-  

a t e  boundary temperature.  I n  genera l ,  t he  thermal conduct iv i ty  w i l l  

have d i f f e r e n t  va lues  a t  t h e  two boundaries of  t h e  zone. 

The except ion t o  t h i s  r u l e  is  t h e  

B. NUMBERING SYSTEMS 

A matter which i s  of  c r u c i a l  importance i n  developing and des- 

c r i b i n g  t h e  algori thms used t o  s o l v e  numerical ly  t h e  h e a t  t r a n s p o r t  

equat ions i s  t h e  manner i n  which t h e  temperatures,  beam i n t e n s i t i e s ,  

spaces,  i n t e r f a c e s ,  and so on which occur i n  va r ious  p a r t s  o f , t h e  system 

are  numbered. 

tem divided i n t o  zones. The o u t e r  pane i s  divided i n t o  t h r e e  zones and 

t h e  inner  pane i s  d iv ided  i n t o  two zones. I n  a d d i t i o n  t o  t h e  zones i n  

t h e  g l a s s ,  t he  o u t s i d e  air ,  t h e  space between panes and t h e  cabin  are 

given zone numbers. 

I n  F igure  13, w e  show an  example of a two-pane window sys- 
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The beam l o c a t i o n  numbers (K) apply t o  t h e  beams going i n  t h e  

va r ious  d i r e c t i o n s .  It w i l l  be  observed t h a t  beam 1 i s  j u s t  o u t s i d e  the  

f i r s t  g l a s s - a i r  i n t e r f a c e ,  beam 2 i s  j u s t  i n s i d e  t h e  i n t e r f a c e ,  beam 3 

i s  between zones 1 and 2, and so  on. 

between t h e  panes. Beam 10 i s  t h e  beam i n  t h e  cabin,  i n  t h i s  example. 

Beam 6 i s  i n  t h e  space  (zone 5) 

It w i l l  a l s o  be  seen  t h a t  t h e  boundaries are numbered from the  

o u t s i d e  i n ,  and t h a t  each boundary number i s  equal t o  t h e  number of t h e  

zone t o  t h e  l e f t  of t h e  boundary. 

The g l a s s - a i r  i n t e r f a c e s  and t h e  gas spaces between panes are 

a l s o  numbered sequen t i a l ly .  

I n  t h e  fol lowing d i scuss ion  of t h e  numerical methods used t o  

so lve  t h e  problem, w e  s h a l l  u s e  t h e  example presented  i n  F igure  13 as a 

model system. The advantage of us ing  a s p e c i f i c  example i s  t h a t  w e  can 

use  i n t e g e r  s u b s c r i p t s  on the  terms i n  t h e  equat ions,  whi le  t he  gene ra l i -  

z a t i o n  of t h e  method t o  o ther  systems w i l l  be  obvious. 

C. APPLICATION OF THE METHOD OF ZONES 

added 

Equat 

(23) to We w i l l  now desc r ibe  the  ex tens ion  of t h e  Method of Zones 

t h e  s o l u t i o n  of t h e  d i f f e r e n t i a l  Equations 5, 6, and 7. A s  a f i r s t  s t e p ,  

however, w e  w i l l  modify Equation 7 s l i g h t l y .  Equations 5 and 6 may be 

t o  g ive  a f t e r  mu l t ip ly ing  by cose 

on 29 may be i n t e g r a t e d  w 

t o  g ive  

- J) = a(2E - I - J ) c o s e  (29) 

t h  r e s p e c t  t o  s o l i d  angle  and wavelength 

ax a f lcos2f3( I  - J ) W h  = f l a ( 2 E  - I - J )cos@ dud1 
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1 -  
I 
J 

1 

d 
i 

Equation 30 may be subst i tuted in to  the heat  balance equation, Equation 

7, to  give 

We w i l l  use Equations 5, 6 ,  and 31 as  the basic  d i f f e ren t i a l  equations 

to be  solved, subject  t o  su i tab le  boundary and i n i t i a l  conditions. 

We may now in tegra te  Equations 5, 6 ,  and 31 with respect t o  

the coordinate x over a typical zone, say zone 2 of Figure 13. W e  find 

f a2 
(32) 

c0s8(J2 - J3) =Jo & E  - J)dx (33) 

where a2 i s  the thickness of the  zone. 

In  order to  evaluate approximately the in tegra ls  with respect 

t o  x which appear i n  Equations 32, 33, and 34, w e  l e t  the temperature 

T(x) i n  zone 2 have the form 

- 
T(x) =: T2 + AT(x) 

a 
where T2 = T(x)dx i s  the mean temperature of zone 2, and 

2 0  

AT(x) i s  the  deviation from the mean. 

Note par t icu lar ly  that  i t  follows from the def in i t ion  of aT(x) tha t  
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KC(x)dx = 0 i a2 

Now consider a typical in tegra l ,  say a(T)E(T)dx. We may w r i t e  

a(T) = + 2 LiC + O ( A T 2 )  

= - E2 + at aE m + 0(rn2)  

where 

- 
E2 = E(r2) 

Theref ore 

2 - -  
a(T)E(T)dx = a2%E2 + O(LiC ) 

(35) 

(37) 

(38) 

The terms i n  c1T drop out because of Equation 35. In  the  method 
2 

of zones we drop the second o rde r  term i n  KC . 
may evaluate the other in tegra ls  i n  Equations 32, 33, and 34 t o  obtain 

I n  a similar fashion w e  

(39) 

a - C p .??. = [K El2 - [K El1 -//cos 2 @(I3 - I2 + J2 - J3)duxlX (41) 
2 2 2  d t  

- 1 ia2 I(x)dx 1 I- 
where 

a2 o 
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3 "  

7 
I 

- 
C2p2 i s  the  hea t  capaci ty  per  u n i t  volume a t  the  mean - 

temperature, T2, of the  zone. 

I n  the  method of zones w e  assume t h a t  t he  zone i s  s m a l l  enough 

so  tha t ,  a t  least f o r  times t of i n t e r e s t ,  the  temperature can be accu- 

r a t e l y  f i t t e d  by a parabola i n  x. 
the  r ad ian t  interchange, i t  i s  necessary t o  pick some s u i t a b l e  form f o r  

the  v a r i a t i o n  of t he  i n t e n s i t i e s  of the  beams. I f  w e  consider E and a 

To extend the  method t o  account f o r  

- 
t o  be constants,  E and z2, respec t ive ly ,  over t he  zone, i t  follows 2 
from Equations 5 and 6 t h a t  

a2x 

a2" 

- -  - cos9 I = E2 -I- Ae 
- 
- 
cos0 J = E2 + B e  

where A and B a r e  constants  of i n t eg ra t ion .  

(42) 

(43) 

The constants  of i n t eg ra t ion ,  A and B, can be found by using 

13, J2, and J3 and and 2' Equations 42 and 43 t o  f ind  expressions f o r  I 
- 
J and then s u b s t i t u t i n g  these expressions i n t o  Equations 39 and 40. 

i s  simpler, however, t o  use the  usual methods of d i f f e r e n t i a l  equations 

and s e t  x = 0 i n  Equation 42 and x = a2 i n  Equation 43. 

It 

We f ind  

- 
A I2 - E2 

a2a2 - -  - cos9 B = (J3 - E2)e  

(44) 

(45) 
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a 

Finally,  w e  f ind 

a2 a2 a2a2 - -  Lose +ill - e- -.) 
I3 = 12e 

Equations 46 and 47 a r e  used t o  ca lcu la te  the in t ens i t i e s  of the emergent 

beams from zone 2 given the in t ens i t i e s  of the incoming beams, the  mean 

temperature, and the physical properties of the glass .  

The assumption that  T(x) i s  a quadratic i n  x within the zone 

leads t o  the following formulas for  the conductive fluxes across the 

boundaries: 

- - - (6T2 - 4T1 - 2T2) 

[K El2 = - K2 (6F2 - 4T2 - 2T1) 
(49) 

where 

T 

K and K a r e  the thermal conductivit ies a t  the boundaries 

and T2 a r e  the boundary temperatures 1 

1 2 

Now we may subs t i t u t e  Equations 46, 47, 48, and 49 in to  Equa- 

t ion  41 to obtain 
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I n  Equation 50 the  indicated integrat ions must be performed 

numerically. 

X over t he  semitransparent pa r t  of the  spectrum. 

to  in tegra te  over the so l id  angle. 

W e  use the trapezoidal r u l e  t o  in tegra te  with respect t o  

W e  use a weighted sum 

D. SOLUTION OF EQUATIONS FOR MEAN TEMPERATURES 

It w i l l  be  seen tha t  Equation 50 i s  an ordinary f i r s t  order 

d i f f e ren t i a l  equation. I n  the typical  example depicted i n  Figure 13, 

2, T3, T4, T6, and f i v e  such equations ( fo r  r 
and solved. The d i f f e ren t i a l  equations a re  solved by the standard 

- - -  
) would have t o  be set up 7 

fourth order Runge-Kutta method. 

We find tha t  the use of an exp l i c i t  method, ra ther  than an 

impl ic i t  method, i s  advantageous i n  the present case. The main reason 

i s  tha t  the large number of beam equations a re  "decoupled" i n t o  small 

groups t o  be solved simultaneously. The disadvantage of the exp l i c i t  

method, namely, the poss ib i l i t y  of i n s t a b i l i t y  i f  too la rge  a t i m e  in- 

terval  i s  used, can be safely ignored s ince the thermal masses o f  the 

various zones w i l l  be approximately the same so  tha t  the t i m e  s tep  

appropriate t o  one zone w i l l  be more or  less appropriate to  a l l  the 

zones. A rough calculat ion indicates  tha t  i f  the zone i s  a few m i l l i -  

meters thick, a t i m e  s tep  of the o rde r  of one second w i l l  not cause 

in s  t a b i l i  t y  . 
Clearly, the i n i t i a l  conditions fo r  solving the  d i f f e ren t i a l  

equations of the type of Equation 50 a re  the i n i t i a l  values of the mean 

temperatures of the glass  zones. A l l  other quant i t ies  must be e i the r  

computed o r  prescribed a s  boundary conditions. 

E. METHODS OF SOLVING FOR THE BEAM INTENSITIES 

The beams f a l l  i n to  two groups, according to whether the angle 
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between the direct ion of the beam and the normal (x-coordinate) is  less 

than or  greater  than the c r i t i c a l  angle. I f  the angle i s  less than the 

c r i t i c a l  angle, the  beam i s  a penetrating beam tha t  traverses through 

a l l  the panes. I f  the angle is  greater  than the c r i t i c a l  angle, the 

beam i s  a t o t a l l y  in te rna l ly  re f lec ted  beam and i s  confined to  a s ing le  

pane. 

beams are  qui te  similar,  but the methods f o r  solving the  equations a re  

qu i t e  different .  We solve the equations fo r  the in t ens i t i e s  of the 

penetrating beams by i t e r a t i o n  and the equations for  the in t ens i t i e s  of 

the to t a l ly  in te rna l ly  re f lec ted  beams by subst i tut ion.  

The equations governing the i n t e n s i t i e s  of the two groups of 

In  order to demonstrate the  methods, w e  consider the example 

shown i n  Figure13. F i r s t  of a l l  w e  w i l l  wr i te  down the typical equa- 

t ions which govern the i n t e n s i t i e s  of the penetrating beams a t  one angle 

and wave1 eng th . 

Il = given 

2 I2 = n (1 - R ) I  + R1J2 1 1  

I 3  = 7212 + w2 

I 4  = 7313 + w3 

I5 = 7414 + w4 

1 

n 
I6 ~ ( 1  - R ) I  4- R2J6 2 5  

+ R3J7 I 7  3 6  
2 = n (1 - R ) I  

1 8 = 7  I + W 6  

I g = 7 1  + w 7  

6 7  

7 8  

1 
+l - R4)Ig + R4J10 
n 110 
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(51.1) 

(51.2) 

(51.3) 

(51.4) 

(51.5) 

(51.6) 

(51.7) 

(51.8) 

(51.9) 

(51.10) 

b 



* -  a 
1 

Jl0 = given 

2 
Jg = n (1 - R4)J10 + R41g 

J 8 = 7  J + W 7  7 9  

1 

n 
J6 -$I - R ) J  + R316 3 7  

2 
J5 = n ( 1  - R ) J  + R215 2 6  

J4 = 74J5 + w4 

J 3 = q  J + W 3  3 4  

1 

n 
J1 =-$I - R ) J  4- RII l  1 2  

where - 
a a  2 2  
case 7 2  = e , e tc .  

- -  

(51.11) 

(51.12) 

(51.13) 

(51.14) 

(51.15) 

(51.16) 

(51.17) 

(51.18) 

(51.19) 

(51.20) 

- 

, etc .  

R i s  the re f lec t ion  coef f ic ien t  a t  in te r face  1, e tc .  1 

Equations 51 may be solved by se t t i ng  a l l  i n t ens i t i e s  (except 

I and J ) equal to  zero (or some other approximation to  the f ina l  

values) and then successively improving the approximations by calcula- 

t ing I2 from Equation 51.2, I 

a l l  the equations i t e r a t i v e l y  u n t i l  the equations a re  a l l  s a t i s f i e d  t o  

the d e s i r e d  accuracy. 

1 10 

from Equation 51.3, and so on through 3 

Note that  beams a t  d i f fe ren t  angles and wave- 
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l eng ths  do n o t  i n t e r a c t  wi th  each o t h e r  i n  t h i s  p a r t  o f  t h e  process,  so 

t h a t  t h e  l a r g e  number of beam equat ions  i s  broken down i n t o  many rela- 

t i v e l y  s m a l l  groups and an i t e ra t ive  process  involv ing  many hundreds o r  

even thousands of coupled equat ions  i s  avoided. 

I n  t h e  case of t h e  t o t a l l y  i n t e r n a l l y  r e f l e c t e d  beams ma t t e r s  

are  even simpler.  

t h e  beams t r a v e r s i n g  zones 6 and 7 as shown i n  F igure  13. W e  f i n d  

We w i l l  write t h e  equat ions f o r  t h e  i n t e n s i t i e s  of 

I7 = J7 

'8 = 76'7 + '6 
I g = 7 1  + w 7  7 8  

Jg = Ig 

J 8 = q J  + W  7 9  7 
J 7 = q  J + W 6  6 8  

(52.1) 

(52.2) 

(52.3) 

(52.4) 

(52.5) 

(52.6) 

These equat ions have a p a r t i c u l a r l y  s imple form, which enables  

us  t o  o b t a i n  t h e  s o l u t i o n  f o r  I by a sequence of  s u b s t i t u t i o n s .  We may 

wr i te  
7 

/ 
(53) 

The rest of t h e  unknowns may be foundby success ive  numerical s u b s t i t u -  

t i o n s  i n  Equations 52. 

J u s t  t o  make clear t h e  g e n e r a l i z a t i o n  of Equation 53, w e  w i l l  

a l s o  e x h i b i t  t he  s o l u t i o n  f o r  t h e  i n t e n s i t y  I2 i n  t h e  o u t e r  pane: 

W2 + 72(W3 + 73(W4 + q4(W4 + 74W3 + 73W2)))) 
= (54) 2 2 2  

1 - 72 7 3  7 4  
I 2  

Note t h a t  i n  t h e  numerator a l l  t h e  W. are used t w i c e ,  i n  forward and 

reverse order ,  and a l l  of t h e  qi except  t h e  one wi th  t h e  smallest sub- 

s c r i p t  are used twice. 

1 
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F. CALCULATION OF BOUNDARY TEMPERATURES 

I n  t h i s  s e c t i o n  w e  s h a l l  show how t o  set up t h e  equat ions 

needed t o  determine the  boundary temperatures.  The boundaries t h a t  w e  

must cons ider  are  of two types,  namely, r e a l  boundaries a t  g lass -gas  

i n t e r f a c e s  and f i c t i v e  zone boundaries which a r e  introduced by d iv id ing  

the  panes i n t o  zones. We have discussed the  condi t ions  which are theo- 

r e t i c a l l y  t o  be m e t  a t  t h e  r e a l  boundaries.  A t  t he  f i c t i v e  boundaries, 

t he  requirements a r e  simply t h a t  temperature  and conduct ive f l u x  be con- 

t inuous.  The con t inu i ty  of temperature i s  assured by t h e  numbering sys- 

t e m  used .  The requirement f o r  con t inu i ty  of thermal f l u x  provides  US 

with an equat ion from which the  boundary temperature can b e  ca l cu la t ed .  

For example, a t  boundary 2, w e  may wri te  

Here 2- and 2+ a r e  used t o  i n d i c a t e  the  p o s i t i o n s  j u s t  t o  t he  l e f t  and 

r i g h t  of t h e  boundary, r e spec t ive ly .  

I n  o rde r  t o  s o l v e  the  boundary equat ions numerically,  i t  i s  

necessary t o  r ep lace  t h e  p a r t i a l  d e r i v a t i v e s  wi th  r e s p e c t  t o  x by t h e  

appropr i a t e  formulas of t h e  types given i n  Equations 48 and 49. 

A t  boundary 1, Equation 21 i s  rep laced  by t h e  equat ion 

(56) -(6T, K1 - 4T1 - 2T2) + hl(Tl - T1) + q1 - E o T  4 = 0 1 1  1 a 

This  equat ion i s  no t  r e a l l y  a q u a r t i c  i n  T s i n c e  E and K a r e  func- 

t i o n s  of T It may be solved a s  a qua r t i c ,  however, a s  though E and 

1 
K were known, and then solved aga in  wi th  ad jus ted  va lues  of K and E 

u n t i l  t h e  equat ion i s  s a t i s f i e d  t o  the  des i r ed  accuracy. This method 

1’ 1 1 

1’ 1 

1 1 

of so lv ing  t h e  pseudo-quartic equat ion f o r  t h e  f i r s t  boundary tempera- 
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ture may be used for solving all the pseudo-quartic equations which 

determine the temperatures at the other real boundaries. 

Boundary 2 is a fictive boundary. Here Equation 55 is re- 

placed by the equation 

-(6T2 K2 - 4T2 - 2T1) + a(6?;3 K2 - 4T2 - 2T3) = 0 
2 3 a (57) 

In this case the conductivity K 

2 can be solved explicitly for T 
may be divided out and the equation 2 

(3T2 - Tl)a3 + (3T3 - T3)a2 
(58) - 

T2 - 2(a2 + a3> 

Formulas for all fictive boundary temperatures can be similarly written. 

(3T3 - T2)a4 + 3(T4 - T4)a3 - 
T3 - 2(a3 + a4> (59) 

The equation which governs T4, the temperature of the interface at the 
left of the air space is derived from Equation 23. 

4 4 ~ E U T  - C X E U T  
4 5  5 = o  (61) a 4 + as - a4a5 

K4 5 4  4 

a4 
gl(T4 - T5) - -(6T4 - 4T4 - 2T3) + 

A similar equation determines the temperature T 
right of the air space. 

of the interface at the 5 

4 4 ~ E U T  - ~ E u T  
(62) 

Kg 5 4  4 4 5  5 = o  gl(T4 - T5) + -(6T, - 4T5 - 2T6) + a4 + a5 - a4a5 a6 

The definition of a and a is given by Equation 25. 4 5 
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The f i n a l  boundary temperature equat ion t o  be discussed i s  t h e  

equat ion f o r  T This  equat ion  i s  der ived  from Equation 26 and i s  7' 

-(6T7 K7 - 4T7 - 2T6) - E (TT 4 4- gc(r8 - T7) 9 U T 8  - 4  = 0 7 7  a7 

Note t h a t  t he  d e f i n i t i o n  of  a i s  given by Equation 28. 7 

W e  have explained how t h e  ind iv idua l  equat ions  may be solved, 

e i t h e r  e x p l i c i t l y  o r  by i t e r a t i o n .  The set of equat ions t o  determine 

the  boundary temperatures must be solved simultaneously.  This i s  a l s o  

accomplished by i t e r a t i v e l y  so lv ing  t h e  set of equat ions  one by one, 

again and again,  u n t i l  t h e  set i s  s a t i s f i e d  t o  s u f f i c i e n t  accuracy. 

G. THE ENERGY BALANCE 

A s  a general  check on the  c a l c u l a t i o n  of the  temperatures and 

beam i n t e n s i t i e s ,  an o v e r a l l  energy balance i s  made a t  each s t e p .  

c a l c u l a t e  t he  t o t a l  energy, 

energy, E 

system a t  t i m e  t = 0, and t h e  p re sen t  energy, E t h a t  i s  s t o r e d  i n  the  

system a t  t i m e  t .  

ca l cu la t ed  from the  equat ion 

We 

t h a t  has  en tered  t h e  system, the  t o t a l  Ein' 
t h a t  has  l e f t  t he  system, t h e  energy, Eo, s t o r e d  i n  the  out '  

P' 
Then t h e  d i s p a r i t y ,  Es, i n  t he  energy balance i s  

The t r apezo ida l  r u l e  i s  used t o  i n t e g r a t e  t h e  input  f lux ,  q in '  
and the  output  f lux ,  qOut, wi th  r e s p e c t  t o  t i m e  t o  o b t a i n  the  energ ies  

The input  and output  f luxes  may e a s i l y  be E i n  
determined from cons idera t ion  of t he  boundary condi t ions .  W e  f i n d  

(aga in  w e  r e f e r  t o  t h e  example shown i n  F igure  3)  t h a t  

and Eout, r e spec t ive ly .  

- 4  
qin = P 1 c o s e  h dX + hlTl + q1 + dodX + g c 8  T + ?oT8 (65) 

= p l c o s e  du dX + hlTl + e1rTl4 +fi l0cose dw dX + gcT7 + E UT 4 
qout 7 7  

(66) 
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By the  t rapezoidal  r u l e  

The t o t a l  s to red  energy of the  system a t  any t i m e  i s  obtained 

by adding up the  energies  s tored  i n  the  ind iv idua l  zones. 

s tored  i n  a zone, say zone 2, i s  given by the  i n t e g r a l  

The energy 

- 
E P2 = p 2 a 2 1 T 2  C2(T)dT 

I f  the hea t  capaci ty  i s  given a s  a polynomial funct ion of the  tempera- 

t u r e ,  the  in t eg ra t ion  i s  e a s i l y  ca r r i ed  out.  

H. SUMMARY OF THE METHOD 

I n  the  preceding sec t ions  w e  have shown how the  var ious 

unknowns may be approximately ca lcu la ted .  I n  t h i s  summary w e  w i l l  g ive 

a b r i e f  descr ip t ion  of how a l l  the  methods described a r e  brought together  

t o  form the  complete algorithm f o r  solving the  present  hea t  t ranspor t  

pro b 1 em. 

W e  assume t h a t  a l l  the  necessary system boundary values a r e  
I 

properly prescr ibed a t  a l l  t i m e s .  

A t  t i m e  t = 0 the  mean temperatures of a l l  the  zones a r e  given. 

Since the  mean temperatures are known, the  i n t e n s i t i e s  of pene t ra t ing  

beams and the  t o t a l l y  i n t e r n a l l y  r e f l e c t e d  beams can be ca lcu la ted .  So 

a l so ,  a l l  boundary temperatures can be computed. Thus the  s t a t e  of the  

system i s  completely known a t  the  i n i t i a l  i n s t an t .  This, i n  turn,  en- 

ab les  us t o  c a l c u l a t e  t he  t i m e  der iva t ives  of the  mean temperatures of 

the  zones, so t h a t  the  mean temperatures may be extrapolated.  A s  soon 
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as t h i s  i s  done t h e  cyc le  i s  complete, and new va lues  of t h e  beam 

i n t e n s i t i e s  and boundary temperatures can be computed. 

'- 7 
a t  3 

A s  t h e  t i m e  i s  advanced, t he  energy balance check i s  made, and 

a t  s e l e c t e d  t i m e  i n t e r v a l s  t h e  discrepancy i n  t h e  energy balance may be 

observed and compared wi th  t h e  t o t a l  incoming energy and t h e  s t o r e d  

energy t o  see i f  any s u b s t a n t i a l  e r r o r  i n  t h e  r e s u l t s  i s  being b u i l t  up. 

47 



PART 3 

EXPERIMENT& PROGRAM 
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I. INTRODUCTION AND SUMMARY 

"1 
The purpose of t h e  experimental  phase of t h i s  program w a s  t o  

examine exper imenta l ly  t h e  v a l i d i t y  of  t h e  computer program developed 

i n  an  earlier phase. An appara tus  w a s  set up i n  which t o  g ive  test 

windows t r a n s i e n t  exposure t o  h igh  temperature  r a d i a t i o n  whi le  a t  t h e  

same t i m e  t h e  temperatures  of t h e  two window f a c e s  and t h e  r a d i a n t  power 

pass ing  through t h e  windows were measured. 

and produced r e s u l t s  i n  s u b s t a n t i a l  agreement wi th  those  p red ic t ed  by 

t h e  computer f o r  t h e  same experimental  condi t ions .  

The appara tus  worked proper ly  

Quartz and a luminos i l i ca t e  window samples w e r e  exposed by being 

placed suddenly a t  a f i x e d  p o s i t i o n  near  a source  of blackbody r a d i a t i o n  

i n  vacuum and kept  t h e r e  f o r  a per iod of 300 seconds.  

temperature  i n  t h e s e  tests w a s  1300'K which r e s u l t e d  i n  an inc iden t  
2 i r r a d i a n c e  de l ive red  at the  test  window of t h e  o rde r  of 7 wattslcm and 

f i n a l  window temperature  a f t e r  300 seconds of t h e  o rde r  of 800'K. 

what more than  ha l f  of t h e  i r r a d i a n c e  de l ive red  t o  t h e  windows w a s  t rans-  

mi t t ed  d i r e c t l y  through t h e  window, t h e  remaining i r r a d i a n c e  being ab- 

sorbed and even tua l ly  re - rad ia ted  by t h e  body of t h e  window. 

The h ighes t  source  

Some- 

T e s t s  were performed a l s o  on a r e f l e c t i v e  gold-film coated 

quar tz  window f o r  t h e  purpose of s imula t ing  hea t  r e f l e c t i n g  windows. 

However, r e s u l t s  of t h e s e  tests were not  s i g n i f i c a n t  because t h e  gold 

f i lms  proved not  t o  be thermally s t a b l e .  Because of thermal d e s t r u c t i o n ,  

t h e  f i lm  coated sample d id  not d i f f e r  s i g n i f i c a n t l y  i n  i t s  thermal behav- 

i o r  from clear quar tz .  Ref lec tance  measurements made subsequent t o  t h e  

thermal tests showed t h a t  t h e  f i l m  coated quar tz  window d id  not  e x h i b i t  

s i g n i f i c a n t  i n f r a r e d  r e f l e c t a n c e .  

The test windows f o r  a l l  tests w e r e  6.35 cm diameter ,  0.635 

cm t h i c k  d i s k s  on each s i d e  of which w a s  depos i ted  a very t h i n  and non- 
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obs t ruc t ing  g r i d  of gold f i lm  f o r  t h e  purpose of r e s i s t i v e  thermometry 

of t h e  two window sur faces .  Tota l  i r r a d i a n c e  through t h e  window w a s  

measured with a t o t a l  r a d i a t i o n  radiometer brought very c lose  t o  t h e  

back f ace  of the window. 

SO 
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11. APPARATUS AND METHOD 

,. 

’ 1  
s.. I 

A. SUMMARY DESCRIPTION 

The h e a r t  of t h e  appara tus  f o r  exposing and measuring windows 

is shown i n  F igures  1 4  through 17 .  

below a water cooled a p e r t u r e  p l a t e  t h a t  de f ines  a c c u r a t e l y  an area 

r a d i a t i n g  t o  t h e  test window above t h e  cav i ty .  

p l a t e  are s t a t i o n a r y .  

sample  wheel wi th  fou r  p o s i t i o n s  i n  one of which i s  mounted t h e  test win -  

dow i n  a thermal ly  i n s u l a t i n g  holder .  During a tes t ,  t h e  wheel is  ro- 

t a t e d  t o  br ing  t h e  coo l  window from a room temperature  environment away 

from the  c a v i t y  t o  a p o s i t i o n  d i r e c t l y  above t h e  cav i ty .  

p o s i t i o n s  of t h e  sample wheel are occupied by a dummy window and two 

open holes .  A Gardon-type f o i l  radiometer  is  s l i d e  mounted on t h e  axis 

of cav i ty  and window, s o  t h a t  it can be pos i t ioned  and locked a t  any 

chosen d i s t a n c e  from t h e  back of t h e  test window o r  a t  any chosen d i s t a n c e  

from t h e  c a v i t y  when t h e  sample wheel i s  i n  an open h o l e  pos i t i on .  

cav i ty  and c a v i t y  element,  sample  and sample wheel, radiometer ,  and assoc- 

i a t e d  equipment are operated i n  a vacuum chamber comprised of a water 

cooled s t a i n l e s s  steel  b e l l  j a r  evacuated by an  o i l  d i f f u s i o n  pumping 

sys tem.  

t h e  system is  evacuated and whi le  t h e  c a v i t y  is  hot .  Tests are observed 

i n  progress  through a 1 7 . 8  cm diameter  Vycor window through which cav i ty  

temperatures are measured with an  o p t i c a l  pyrometer. 

A blackbody c a v i t y  i s  mounted j u s t  

The c a v i t y  and a p e r t u r e  

Above t h e  c a v i t y  is a water cooled r o t a t a b l e  

The o t h e r  t h r e e  

The 

The sample wheel may be r o t a t e d  and t h e  radiometer moved whi le  

The 45.7 c m  diameter vacuum b e l l  jar  housing and t h e  f i x t u r e s  

i n s i d e  it  are all water cooled and pa in t ed  b lack  t o  present  a uniform 

and w e l l  def ined  ambient i r r a d i a n c e  t o  t h e  t e s t  window. 

The sample gold f i l m  temperature  sensing g r i d s  were c a l i b r a t e d  

before  a test. That i s ,  t h e  electrical r e s i s t i v i t y  of g r i d  elements as 

a func t ion  of temperature  w a s  measured. This  c a l i b r a t i o n  w a s  c a r r i e d  ou t  
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*Instrumentation 

Feedthroughs 

Radiometer(Water Cooled) 
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Vacuum Chamber 
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Water Cooled Power Leads 

Blackened 

FIGURE 14 TEST APPARATUS 
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FIGURE 15 TEST GEOMETRY 
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FIGURE 16 PHOTOGRAPHIC VIEW O F  TEST SET-UP 
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i n  a s e p a r a t e  a i r  f i l l e d  oven i n  which t h e  sample and a n  accu ra t e  thermo- 

couple  placed near  i t  are both allowed t o  come t o  t h e  same equi l ibr ium 

temperature  i n  t h e  oven. This  c a l i b r a t i o n  procedure w a s  repeated f o r  

several d i f f e r e n t  temperatures  covering t h e  range of temperatures  expected 

dur ing  a c t u a l  test .  

During any g iven  tes t ,  temperature  and i r r a d i a n c e  d a t a  were 

recorded cont inuously on multi-channel recorders .  Outputs from t h e  gold 

g r i d  temperature  senso r s  on t h e  window test samples and from t h e  rad io-  

meter behind t h e  windows were recorded s imultaneously on t h e  same s t r i p  

c h a r t .  

B. WINDOW HEAT SOURCE 

1. Cavity Design 

The blackbody c a v i t y  source  w a s  c r i t i ca l  t o  an accu ra t e  i r r a d -  

A s p h e r i c a l  c a v i t y  was s e l e c t e d  because of i t s  r a t h e r  i ance  experiment. 

uniquely u s e f u l  p r o p e r t i e s  as discussed by Sparrow and Jonsson. (22 1 

A s p h e r i c a l  cav i ty  wi th  a Lambertian w a l l  d e l i v e r s  equal  i r r ad -  

iance  from any one element on i t s  s u r f a c e  t o  any o t h e r  element on i t s  

sur face .  A s  a consequence of t h i s  proper ty ,  each area element of i t s  in-  

s i d e  w a l l  w i l l  c o n t r i b u t e  equal ly  t o  t h e  r a d i a n t  power flowing out of a 

diminishing small a p e r t u r e  c u t  i n  i t .  

proper ty  i s  t h a t  such a cav i ty  having uniform w a l l  th ickness ,  i f  f ed  

hea t  from a hea t  source from ou t s ide ,  w i l l  have an i so thermal  inne r  

sur face .  Thus, t h e  r a d i a t i o n  from a small a p e r t u r e  i n  a sphere  i s  c l o s e l y  

represented by a s i n g l e  Planck func t ion ,  no t  a d i s t r i b u t i o n  of Planck 

func t ions  due t o  temperature  g r a d i e n t s  necessary f o r  equi l ibr ium hea t  d i s -  

t r i b u t i o n s  i n  o t h e r  c a v i t y  shapes. 

sphere  is increased  i n  r e spec t  t o  i ts rad ius ,  and i f  t h e  w a l l s  are only 

approximately Lambertian, t h e  s p h e r i c a l  c a v i t y  is  s t i l l  more nea r ly  iso-  

thermal of equiva len t  volume, open area, and w a l l  th ickness  

A second consequence of t h i s  

I f  t h e  s i z e  of t h e  a p e r t u r e  i n  t h e  

‘ t  
ii 
4 
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The c a v i t y  used as a blackbody source  i n  our  experiment w a s  

machined from ATJ g raph i t e ,  had an i n s i d e  diameter  of 9.52 cm, a w a l l  

t h i ckness  of 0.317 cm and an  a p e r t u r e  opening t h e  same diameter  as t h e  

test windows t o  be  i r r a d i a t e d ,  6.35 cm. The subtended ha l f  a n g l e  of t h e  

a p e r t u r e  from t h e  c e n t e r  of t h e  s p h e r i c a l  c a v i t y  w a s  45 degrees.  

The c a v i t y  w a s  machined wi th  a tapered  f e a t h e r  edged l i p  a t  t h e  

a p e r t u r e  which mated t o  a corresponding f e a t h e r  edged t a p e r  i n  t h e  water 

cooled a p e r t u r e  p l a t e .  

no t  touching t h e  c a v i t y  l i p .  

g r a p h i t e  pedes t a l .  

s t r u c t u r e  cause t h e  spacing between c a v i t y  and a p e r t u r e  p l a t e  t o  vary 

s l i g h t l y  bu t  t h i s  e f f e c t  w a s  n e g l i g i b l e .  The des ign  thus  approached 

c l o s e l y  t h e  i d e a l  of a geometric p l ana r  s l i c e  o f f  t h e  s i d e  of t h e  heated 

c a v i t y  exposing no more and no less than  t h e  c i r c u l a r  ho le  i n  t h e  sphere 

as a source  t o  i r r a d i a t e  t h e  test window. 

The a p e r t u r e  p l a t e  w a s  spaced very c l o s e  t o  but  

The c a v i t y  w a s  supported from below by a 

Temperature expansion i n  t h i s  p e d e s t a l  and o the r  

The unders ide  of t h e  water cooled a p e r t u r e  p l a t e  i s  gold p l a t ed  

and pol i shed  t o  achieve an est imated t o t a l  hemispherical  r e f l e c t a n c e  of 

.97 t o  r a d i a t i o n  a t  t h e  c a v i t y  temperature  used,  t h e  purpose being t o  

minimize r a d i a n t  t r a n s f e r  from c a v i t y  t o  p l a t e .  Also,  tantalum hea t  

s h i e l d s  are used t o  minimize l o s s e s  i n  t h e  d e s i r e d  hea t  t r a n s f e r  from 

hea t ing  element t o  cav i ty .  

The c a v i t y  w a s  hea ted  by a c y l i n d r i c a l  g r a p h i t e  hea t ing  ele- 

ment surrounding t h e  c a v i t y  sphere.  The element i s  10.9 c m  i n s i d e  d ia -  

meter, 20 c m  long,  and is r e s i s t i v e l y  heated by a 60 cyc le ,  s i n g l e  phase 

AC source.  The element is  capable  of l i b e r a t i n g  up t o  1 6  k i lowa t t s  of 

thermal power. 

ous qua r t z  h e a t  s h i e l d s .  

and blackened on t h e  i n s i d e ,  con ta ins  water cooled power feedthroughs 

The element is  surrounded by two tantalum and one vitre- 

The surrounding vacuum housing is w a t e r  cooled 

and a 7.6 cm diameter connect ion t o  t h e  e x t e r n a l  vacuum pumping and 

gauging system. The furnace  u n i t ,  hea t ing  element,  s h i e l d s ,  housing, 
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and power supply were purchased as s t anda rd  components of a commercially 

a v a i l a b l e  c r y s t a l  p u l l i n g  furnace ,  
* 

and then  modified by u s  as necessary.  

The furnace  w a s  c o n t r o l l e d  by a s a t u r a b l e  co re  r e a c t o r  which 

i s  included as p a r t  of t h e  NRC power supply.  

i n  t u r n ,  w a s  c o n t r o l l e d  by DC cu r ren t  from a p r e c i s i o n  r egu la t ed  and 

a d j u s t a b l e  DC supply.  The hea t ing  power w a s  con t ro l l ed  manually, t h e  

ope ra t ion  monitored by an AC ammeter and vol tmeter  connected i n t o  t h e  

hea t ing  element power c i r c u i t .  

ment proved s u f f i c i e n t  f o r  maintaining an accu ra t e  c a v i t y  temperature 

during a window exposure test .  

The s a t u r a b l e  c o r e  r e a c t o r ,  

One power s e t t i n g  without  f u r t h e r  ad jus t -  

2 .  Cavity Temperature Measurement 

The temperature  of t h e  c a v i t y  dur ing  a window exposure test 

ope ra t ing  i n  t h e  
** 

w a s  measured us ing  a s tandard  l abora to ry  pyrometer 

v i s i b l e  r ed ,  t h e  reading then  being co r rec t ed  f o r  t h e  e f f e c t s  of t h e  

s p e c t r a l  emit tance of t h e  c a v i t y  and f o r  t h e  e f f e c t s  of t h e  in te rvening  

Vycor vacuum chamber window. For tuna te ly ,  t h e  e f f e c t s  on c a v i t y  t e m -  

p e r a t u r e  measurements of u n c e r t a i n t i e s  i n  s p e c t r a l  emit tance were very  

s l i g h t  a t  t h e  source temperatures  used i n  tests. 

The computation and co r rec t ions  f o r  pyrometer e r r o r  are de- 

t a i l e d  i n  Appendix A. The c o r r e c t i o n s  requi red  i n  these  experiments due 

t o  c a v i t y  emi t tance  and a f r e s n e l  r e f l e c t i o n  l o s s  a t  each f ace  of a 

Vycor observa t ion  window amounted t o  7°K a t  t h e  1300°K c a v i t y  opera t ing  

temperature  and 5OK a t  t h e  1125’K ope ra t ing  temperature.  

The pyrometer used i n  t h e s e  experiments w a s  checked w i t h i n  

t h r e e  weeks of a l l  experiments aga ins t  a new General Electric t e r t i a r y  

~ ~~ 

* Model 2805, Product of Nat iona l  Research Corporation (NRC), Needham, 
Mas sachus e t  t s . 

** Product of Pyrometer Instrument Company, Bergenfield,  New Jersey .  
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tungs ten  o p t i c a l  s tandard  lamp. 

wi th in  + 1.7"K wi th  a p r e c i s i o n  of + 5°K.  

The pyrometer readings  w e r e  r e p e a t a b l e  

- - 

3. Cavity Temperature Var i a t ions  

Two v a r i a t i o n s  i n  c a v i t y  temperature  are of interest  dur ing  a 

test:  v a r i a t i o n s  with t i m e  and s p a t i a l  v a r i a t i o n s  ac ross  t h e  emi t t i ng  

a p e r t u r e  of t h e  cav i ty .  

The t i m e  v a r i a t i o n s  of c a v i t y  temperature  are s m a l l  due t o  

t h e  f a c t  t h a t  t h e  thermal t i m e  cons t an t s  of t h e  c a v i t y  hea t ing  element 

and c a v i t y  are long compared t o  t h e  d u r a t i o n  of a 300 second window ex- 

posure test and due a l s o  t o  t h e  f a c t  t h a t  t h e  power t o  t h e  hea t ing  element 

i s  s teady .  

T i m e  v a r i a t i o n s  i n  c a v i t y  temperature  were measured. It w a s  

found wi th  one power s e t t i n g  t o  t h e  hea t ing  element t h a t  t h e  c a v i t y  t e m -  

p e r a t u r e  v a r i e d  wi th in  + 2°K f o r  a l l  tests and t y p i c a l l y  va r i ed  less than  

+ - 1 ° K  of t h e  average va lue  a f t e r  c a v i t y  equi l ibr ium condi t ions  had been 

reached. The g r e a t e s t  v a r i a t i o n  wi th in  these  l i m i t s  occurred when a 

window reached a high enough temperature  t o  begin r a d i a t i n g  apprec iab ly  

back i n t o  t h e  c a v i t y  lead ing  t o  a rise i n  c a v i t y  temperature  of 1°K. 

- 

S p a t i a l  v a r i a t i o n s  of temperature  ac ross  t h e  cav i ty  a p e r t u r e  

are r e l a t e d  t o  g r a d i e n t s  i n  t h e  c a v i t y  w a l l  and a l s o  t o  unequal r a d i a n t  

power d i s t r i b u t i o n s  wi th in  t h e  c a v i t y  due t o  t h e  presence of a f i n i t e  

ape r tu re .  These v a r i a t i o n s  were expected t o  be s m a l l  on t h e  b a s i s  of 

t h e  design.  Measurements confirmed t h e s e  expec ta t ions .  The c a v i t y  a t  

an equi l ibr ium temperature  t y p i c a l  of t h e  test  w a s  scanned ac ross  i t s  

a p e r t u r e  wi th  an o p t i c a l  pyrometer focused on t h e  p lane  of t h e  ape r tu re ,  

from a normal and obl ique  angle .  

measured. 

f a l l  a t  a l l  p o i n t s  w i th in  a 1 4 ° K  range; t h e  s tandard  dev ia t ion  being 

4 ° K .  

F i f t e e n  reg ions  on t h e  a p e r t u r e  w e r e  

The c a v i t y  a t  an  average temperature  of 1293°K w a s  found t o  
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I n  summary t h e  v a r i a t i o n  among t h e  var ious  cav i ty  temperature 

readings were of t h e  order  of 1 / 2  percent  of absolu te  temperature. 

Corresponding t o  these  temperature v a r i a t i o n s  were radiance v a r i a t i o n s  

of 2 percent .  

4 .  Cavity Emittance 

I d e a l l y  a blackbody source should have an  emittance equal  t o  

one a t  a l l  angles ,  wavelengths, and temperatures.  Within p r a c t i c a l  

c o n s t r a i n t s ,  one designs f o r  a n  emit tance approaching t h e  i d e a l .  

The balance between c o n f l i c t i n g  cons idera t ions  e f f e c t i n g  t h e  

cav i ty  des ign ,  such as t h e  d e s i r e  f o r  a l a r g e  ape r tu re  diameter and a 

l a r g e  c a v i t y  diameter t o  ape r tu re  diameter r a t i o ,  and t h e  need f o r  

maintaining reasonable  l i m i t s  on cav i ty  hea te r  power requirements and 

equipment c o s t s  l ed  t o  t h e  cav i ty  design previously discussed.  

The determinat ion of t h e  emittance,  E-, of t h e  r e s u l t i n g  cav i ty  

w a s  obtained by ca l cu la t ion ,  using Sparrow's(22)dexpression f o r  t h e  t o t a l  

hemispherical  emittance of a s p h e r i c a l  cav i ty  with a l a r g e  aper ture :  

& 
E =  & - .5 (1-a) (l+cos $11 a 

where 

E = t h e  t o t a l  hemispherical  emittance of t h e  cav i ty  as seen a 
at t h e  aper ture .  

E = t h e  t o t a l  hemispherical  emittance of t h e  w a l l  material 

of t h e  cavi ty .  

c1 = t h e  t o t a l  hemispherical  absorptance of t h e  w a l l  material 

of t h e  cavi ty .  

0 = t h e  ha l f  angle  subtended by t h e  ape r tu re  a t  t h e  center  of 

t h e  s p h e r i c a l  cav i ty .  

7 
" I  

The app l i ca t ion  of t h i s  equat ion r equ i r e s  t h a t  t h e  t o t a l  
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absorptance of t h e  c a v i t y  w a l l  equa ls  t h e  t o t a l  emittance of t h e  w a l l ,  

i .e.,  E = a. This  l a t te r  c o n s t r a i n t  is c l o s e l y  m e t  under t h e  s p e c i a l  

cond i t ions  e x i s t i n g  i n s i d e  a good cav i ty ;  t h a t  is, where t h e  i n c i d e n t  

r a d i a t i o n  a t  each p o i n t  on t h e  w a l l  arises from a source  ( t h e  rest of 

t h e  c a v i t y )  a t  very  n e a r l y  t h e  same temperature  a t  which hea t  is r a d i a t e d  

from t h e  w a l l  element under cons idera t ion .  

The h a l f  angle  subtended by a c i r c u l a r  a p e r t u r e  i n  a sphe re  

is  f ixed  as a consequence of t h e  geometry of t h e  sphere  when toge the r  

t h e  a p e r t u r e  diameter and sphere  i n s i d e  d iameters  are f ixed .  For t h e  

c a v i t y  used i n  t h e s e  experiments t h e  a p e r t u r e  diameter  of 6.35 cm and 

sphere  i n s i d e  diameter of 10.9 em f i x  t h e  ha l f  ang le  a t  $I = 45.0". 

s e r t i n g  t h e  foregoing condi t ions  i n t o  equat ion  (70), c a l c u l a t i o n s  were 

made wi th  t h e  r e s u l t s  shown i n  Figure  18. 

In- 

A va lue  f o r  t o t a l  emi t tance  of t h e  g r a p h i t e  c a v i t y  w a l l  is  

requi red  i n  order  t o  c a l c u l a t e  c a v i t y  emittance.  However, t h e  w a l l  e m i t -  

t ance  need not  be  determined accu ra t e ly  i n  view of t h e  f a c t  t h a t  a p e r t u r e  

emit tance is  r e l a t i v e l y  i n s e n s i t i v e  t o  w a l l  emit tance.  For t h e  range 

of ope ra t ing  cond i t ions  f o r  t h i s  c a v i t y ,  a 6 percent  e r r o r  i n  w a l l  e m i t -  

t ance  genera tes  a 1 percent  e r r o r  i n  c a v i t y  emit tance as seen  a t  t h e  

ape r tu re .  

The w a l l  emi t tance  of our  c a v i t y  w a s  es t imated  on t h e  b a s i s  

of t h e  d a t a  of P lunket t  and Kingery (") f o r  ATJ g r a p h i t e  and us ing  t h e i r  

empir ica l  equat ions  t h a t  quan t i fy  t h e  necessary c o r r e c t i o n s  f o r  tempera- 

t u r e  of t h e  g r a p h i t e  s u r f a c e  and i t s  g r i t  roughness. The i n s i d e  s u r f a c e  

of our  c a v i t y  w a s  es t imated t o  have a roughness corresponding t o  150 

g r i t  and an  es t imated  t o t a l  emit tance of 0.72 i n  t h e  temperature  range 

of use 1125°K t o  1300'K. 

The range w i t h i n  which t h e  t r u e  w a l l  emit tance va lue  w a s  l i k e l y  

t o  f a l l  wi th  r e spec t  t o  t h e  assumed va lue  a l s o  w a s  es t imated.  Based on 
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Plunket t  and Kingery 's  d a t a  and tak ing  i n t o  account d i f f e r e n c e s  between 

t h e  two ends of t h e  c a v i t y  temperature  range and e r r o r s  i n  ou r  estimate 

of g r a p h i t e  roughness,  t h e  e r r o r  i n  w a l l  emit tance is s m a l l ,  of t h e  o rde r  

of 3 percent  and t h e  r e s u l t i n g  c a v i t y  emit tance e r r o r  of t h e  o rde r  of 1 / 2  

percent .  

d a t a  repor ted  i n  t h e  l i t e r a t u r e ,  i t  appeared reasonable  t o  a s s i g n  a n  e r r o r  

of t h e  o rde r  of + 15 t o  + 20 percent  t o  our  estimate of w a l l  emit tance.  

The corresponding estimate of c a v i t y  emi t tance  e r r o r  is  1 / 6  of t h i s ,  o r  

E = .95 + .03. 

However, i n  view of t h e  broader  s c a t t e r  of g r a p h i t e  emi t tance  

- 

- a 

A mean va lue  of 0.95 w a s  used f o r  d a t a  reduct ion  purposes i n  

a l l  experiments a l though they  involved cone angles  smaller than  hemis- 

p h e r i c a l  (e .g . ,  40' ha l f  angle)  and two c a v i t y  temperature  levels,  1300°K 

and 1125°K.  By impl i ca t ion  t h e  s p e c t r a l  emit tance w a s  a l s o  assumed t o  be 

approximately equal  t o  t h e  above v a l u e  w i t h i n  t h e  c a v i t y  wavelength range 

of i n t e r e s t ,  1 .3  microns t o  13  microns. 

C. TEST WINDOWS 

1. Thermophysical Data 

Technical  information provided by t h e  Technical  Products  D i -  

v i s i o n  of t h e  Corning Glass Works w a s  t h e  primary source  of thermophysical 

p roper ty  d a t a  i n s e r t e d  as input  t o  computer s imula t ions  and used,  as re- 

qu i r ed ,  i n  t h e  des ign  of experiments and t h e  i n t e r p r e t a t i o n  of r e s u l t s .  

I n  l a r g e  measure, t h i s  d a t a  w a s  e x t r a c t e d  from publ ished Technical  Informa- 

t i o n  B u l l e t i n s  by t h e  Corning Glass Works on: 

1. fused s i l i ca  g l a s s ,  Corning Code No. 7940, copyright  1965; 

2. a luminos i l i ca t e  g l a s s ,  Corning Code No. 1723, copyright  1963; 

3. 96 percent  s i l i c a  g l a s s ,  Corning Code N o .  7913, copyright  1964. 

For r e fe rence  d a t a  on t h e  t ransmiss ion  and r e f l e c t i v e  p r o p e r t i e s  

of gold f i l m s ,  t e c h n i c a l  d a t a  provided by Libbey-Owens-Ford Glass Company 
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was consul ted.  

gold f i lms  i n s e r t e d  i n t o  our  computer s imula t ions  of tests involving gold 

f i l m  coated g l a s s  samples were based on t h i s  da ta .  

The s p e c t r a l  t ransmiss ion  and r e f l e c t i v e  p r o p e r t i e s  of t h e  

Data on r e f r a c t i v e  index,  dens i ty ,  and on thermal  conduct iv i ty  

and s p e c i f i c  hea t  as a func t ion  of temperature  were taken d i r e c t l y  from t h e  

Corning pub l i ca t ions .  The s p e c t r a l  abso rp t ion  c o e f f i c i e n t  01 w a s  computed 

by u s e  of measured t ransmi t tance  d a t a  and t h e  equat ion  
h 

where 

x is t h e  th i ckness  of t h e  sample 

h 
R i s  t h e  F resne l  r e f l e c t i o n  c o e f f i c i e n t  

‘I i s  t h e  percent  of normal i n c i d e n t  r a d i a t i o n  t ransmi t ted  

Our computations of s p e c t r a l  absorp t ion  c o e f f i c i e n t s  were aug- 

) who had occasion t o  compute t h e s e  va lues  whi le  engaged i n  s i m -  

mented and compared t o  those  k indly  furn ished  by Midwest Research In- 

s t i t u t e  ( 

i l a r  research .  The b a s i c  source  of d a t a  i n  each case, however, w a s  spec- 

t r a l  t ransmiss ion  curves publ ished by Coming. A t y p i c a l  r e s u l t  of t h e  

eva lua t ion  of s p e c t r a l  absorp t ion  c o e f f i c i e n t  us ing  t h e  methods and d a t a  

descr ibed appears  i n  F igure  19. 

2. Window Temperature Ins t rumenta t ion  

Temperatures were measured on t h e  two f aces ,  hea t  s i d e  and 

rear s i d e ,  of each test window by electrical r e s i s t a n c e  thermometry us ing  

a f i n e  gold f i l m  g r i d  evapora t ive ly  depos i ted  onto t h e  window face .  Gold 

w a s  used because i t  i s  r e s i s t a n t  t o  g ross  ox ida t ion  and has  a l a r g e  l i n e a r  

change of electrical  r e s i s t a n c e  wi th  temperature.  

deposi ted g r i d  is shown i n  F igure  20. 

f o r  a l l  windows t e s t e d .  

A test window wi th  

The g r i d  p a t t e r n  shown w a s  t h e  same I 
J 

* - d .  
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A s  t h e  window w a s  heated during a test, each of t h e  e i g h t  

sens ing  segments, f o u r  on each s i d e  of t h e  window, increased  t h e i r  in -  

d i v i d u a l  electrical  resis tances--each according t o  t h e  l o c a l  g l a s s  t e m -  

p e r a t u r e  and a l s o  according t o  t h e  segments own temperature  c o e f f i c i e n t  of 

r e s i s t i v i t y .  

segment t o  t h e  next .  

I n  gene ra l ,  t h e s e  c o e f f i c i e n t s  were no t  equal  from one gold 

The electrical r e s i s t a n c e  of fou r  s e p a r a t e  segments of t h e  

g r i d  on each s i d e  of t h e  test window w a s  measured and recorded continu- 

ous ly  as t h e  measure of t h e  window face temperatures .  

mately 0.5 mil l iampere)  s teady  regula ted  c u r r e n t  w a s  passed through one 

g r i d  path t h a t  zig-zags ac ross  t h e  diameter of t h e  window. 

pa ths  served as vo l t age  t a p s  by which t h e  e l e c t r i c a l  r e s i s t a n c e  of each 

sens ing  segment could be  accu ra t e ly  monitored. 

duced n e g l i g i b l e  ohmic hea t ing  and a l s o  w a s  regula ted  s u f f i c i e n t l y  (wi th in  

0 .1  percent )  and he ld  t o  a f i x e d  convenient va lue  so  t h a t  t h e  vo l t age  t a p  

vo l t ages  were taken d i r e c t l y  as a measure of g r i d  (and window) temperature  

a t  t h e  sensing g r i d  loca t ions .  For t h e  most r e f ined  test  r e s u l t s ,  s i x  

of e i g h t  s enso r s  w e r e  i n a c t i v a t e d  and only two sensors  w e r e  used--one a t  

t h e  cen te r  of t h e  hot  f a c e  of t h e  window and one on t h e  c e n t r a l  rear f a c e  

of t h e  window. 

A s m a l l  (approxi- 

Other g r i d  

The sens ing  cu r ren t  pro- 

The temperature  measuring c i r c u i t s  are shown i n  F igure  21. 

The g r i d s  on each window w e r e  c a l i b r a t e d  i n  an a i r  oven a g a i n s t  

an accu ra t e  thermocouple. The instrumented test  window w a s  mounted cen- 

t r a l l y  i n s i d e  a heavy welded steel box wi th  a heavy cover which w a s  then  

placed c e n t r a l l y  i n s i d e  an e l e c t r i c a l l y  heated oven. The oven w a s  brought 

t o  a set temperature  and he ld  t h e r e  u n t i l  t h e  steel box and t h e  sample in- 

s i d e  i t  reached t h e  same temperature.  

box measured by an accura t e  thermocouple w a s  taken t o  be t h e  sample t e m -  

pera ture .  

and recorded. Next, t h e  oven power s e t t i n g  w a s  increased  t o  a new va lue  

and t h e  oven allowed t o  reach  a new equi l ibr ium temperature  p la teau .  W e  

found t h a t  t h r e e  t o  f i v e  such temperature  set po in t s  inc luding  room tem-  

p e r a t u r e  were s u f f i c i e n t  f o r  a complete c a l i b r a t i o n .  I n  gene ra l ,  t h e  

The temperature  i n s i d e  t h e  steel  

The g r i d  electrical  r e s i s t a n c e s  were measured a t  t h e  same t i m e  
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r e s i s t i v i t y  vs. temperature  of each sens ing  segment proved t o  be  d i f f e r e n t ,  

even though a l l  were evapora t ive ly  depos i ted  toge ther .  

The a p p l i c a t i o n  of evaporated gold g r i d  r e s i s t a n c e  thermometry 

f o r  t h e  measurement of g l a s s  s u r f a c e  temperatures  w a s  developed and used 

s u c c e s s f u l l y  by Moeller and Finch (I6) a t  Midwest Research I n s t i t u t e  (MRI). 

Taking advantage of t h i s  p r i o r  experience,  an arrangement w a s  

made whereby t h e  gold g r i d s  were evaporeted onto t h e  window samples by 

MRI according t o  ADL's p a t t e r n  des ign ,  us ing  evapora t ive  masks c u t  by MRI 

t o  a g r i d  p a t t e r n  s p e c i f i e d  by ADL. 

3 .  Window Through-Irradiance Ins t rumenta t ion  

The window through-irradiance i s  t h e  t o t a l  r a d i a n t  power per  

u n i t  area pass ing  through t h e  window. 

mi t t ed  through t h e  window and t h a t  absorbed and re - rad ia ted  by i t .  

through-irradiance t o  be  measured i n  t h e s e  experiments w a s  t h a t  emerging 

It is t h e  sum of t h a t  d i r e c t l y  t r ans -  

The 

from a c e n t r a l  area element a t  t h e  back (cool )  f a c e  of t h e  window col-  

l e c t e d  i n  a f u l l  hemisphere around t h e  element and a t  a l l  wavelengths. 

A Gardon-type ( 4 ,  f o i l  radiometer  
* 

w a s  used t o  measure through-irradiance.  

The arrangement of components involved i n  t h e  i r r a d i a n c e  meas- 

urements i s  i l l u s t r a t e d  i n  F igures  14,  15 and 22. The radiometer w a s  brought 

up c l o s e  t o  but  no t  touching t h e  back f a c e  of t h e  sample window and locked 

i n  a f ixed  p o s i t i o n  throughout an exposure test. The spacing t o  t h e  window 

w a s  c l o s e ,  .061, so  t h a t  t h e  view f a c t o r  t o  window material from an element 

on t h e  radiometer w a s  almost hemispherical .  

and i t s  e n t i r e  f a c e  w a s  blackened so  t h a t  t h e  radiometer  w a s  i n d i s t i n g -  

u i shab le ,  from t h e  p o i n t  of view of t h e  window, from any of t h e  o the r  am- 

b i e n t  surroundings a l l  appearing b lack  and a t  room temperature ,  300°K. 

The radiometer  w a s  water cooled 

* Product of Hy-Cal Engineering Company, Santa Fe, C a l i f o r n i a ,  Model No. 
C-1300-A-10-072. 
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FIGURE 22 PHOTOGRAPHIC VIEW SHOWING RADIOMETER IN POSITION FOR TEST 
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The thermal  t i m e  cons tan t  of t h e  radiometer  (less than  1 second) 

w a s  n e g l i g i b l e  compared t o  t i m e  rates of change of window i r r a d i a n c e .  

Therefore ,  t h e  radiometer ou tput  t racked  accu ra t e ly  changes of window 

through-irradiance wi th  t i m e .  

The radiometer  w a s  c a l i b r a t e d  be fo re  each window test  us ing  

t h e  c a v i t y  as t h e  b e s t  known (s tandard)  source  of i r r a d i a n c e .  The cali-  

b r a t i o n  cons i s t ed  of exposing t h e  radiometer ,  pos i t i oned  f o r  a tes t ,  

d i r e c t l y  t o  t h e  heated c a v i t y  source  and reading i t s  v o l t a g e  output .  

Knowing t h e  thermal  f l u x  leaving  t h e  c a v i t y  and t h e  view f a c t o r  t o  t h e  

radiometer sensing element, t h e  radiometer  s e n s i t i v i t y  i n  m i l l i v o l t s  p e r  

watt/cm2 of thermal input  w a s  determined. 

This  one-point c a l i b r a t i o n  technique assumes t h a t  t h e  radio-  

meter output  vo l t age  is  l i n e a r  wi th  i r r a d i a n t  i npu t .  T o  a f i r s t  approxi- 

mation, such an  assumption is  j u s t i f i e d  on t h e  b a s i s  of t h e  c a l i b r a t i o n  

p l o t  suppl ied  by t h e  manufacturer and on t h e  b a s i s  of t h e  theory of i t s  

opera t ion .  

Sources of e r r o r  i n  t h e  radiometer measurements are of t h r e e  

types:  1) an e r r o r  due t o  t h e  need t o  spacing t h e  radiometer behind t h e  

window, 2 )  e r r o r s  due t o  t h e  angular  dependence of radiometer absorp- 

t ance ,  and 3)  e r r o r s  due t o  t h e  wavelength ( i . e . ,  source  temperature) 

dependence of radiometer absorptance.  

The e r r o r  due t o  t h e  n e c e s s i t y  of having a f i n i t e ,  p r a c t i c a l  

spacing (0.061 cm set i n  our  case)  between t h e  radiometer  and window 

arises from t h e  f a c t  t h a t  t h e  sensing element "sees" o the r  t han  t h e  c e n t r a l  

region of t h e  test window. A c o r r e c t i o n  f o r  t h i s  e f f e c t  w a s  e s t ab l i shed  

experimental ly  by recording radiometer ou tput  vs .  a x i a l  d i s t a n c e  from t h e  

window f o r  a t y p i c a l  test cond i t ion  and ex t r apo la t ing  t o  zero c learance .  

A s  a r e s u l t ,  t h e  i r r a d i a n c e  measurements taken a t  a 0.061 c m  spacing were 

cor rec ted  by mul t ip ly ing  them by 1.015--this c o r r e c t i o n  being so  s m a l l  no 
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f u r t h e r  adjustments  t o  o t h e r  test circumstances were made. 

I n  o r d e r  t o  assess t h e  importance of t h e  angular  dependence 

(non-Lambertian behavior)  of t h e  absorptance of t h e  radiometer ,  a number 

of tests w e r e  made i n  which t h e  radiometer  w a s  pos i t ioned  a t  va r ious  d i s -  

t ances  from t h e  c a v i t y  source  when ope ra t ing  a t  a g iven  temperature  and 

recording t h e  radiometer  output .  

The r e s u l t s  of t h e s e  tests showed t h a t  t h e  s e n s i t i v i t y  of t h e  

radiometer  t o  t h e  angle  of t h e  oncoming r a d i a t i o n  w a s  such t h a t  i t  in-  

d i ca t ed  an i r r a d i a n c e  when t h e  oncoming r a d i a t i o n  w a s  confined wi th in  a 

40 degree ha l f  ang le  about 5 percent  h ighe r  than  when t h e  i l l umina t ion  

was e s s e n t i a l l y  hemispherical .  This  e f f e c t  i s  c o n s i s t e n t  i n  d i r e c t i o n  

and magnitude wi th  t h a t  expected i n  t h e  case of carbon materials. 

The p r a c t i c a l  e f f e c t  of t h i s  non-Lambertian behavior  of t h e  

radiometer is  t o  d i sc r imina te  s l i g h t l y  aga ins t  re - rad ia ted  r a d i a t i o n  from 

t h e  g l a s s  window which reaches t h e  radiometer  i n  a hemispherical  d i s t r i -  

bu t ion  and t o  favor  s l i g h t l y  t h e  r a d i a t i o n  t r ansmi t t ed  d i r e c t l y  through 

t h e  window. 

t h e  wavelenght e f f e c t s  which a l s o  occur .  

This  angular  d i sc r imina t ion  t akes  p l a c e  independent ly  of 

There appears  t o  be  no s imple and r igo rous  way t o  c o r r e c t  

f o r  t h i s  source of experimental  e r r o r  s i n c e  t h e  degree of c o r r e c t i o n  de- 

pends on t h e  sample and on t h e  f r a c t i o n  of i nc iden t  i r r a d i a n c e  t h a t  it 

re - r ad ia t e s .  Therefore ,  no c o r r e c t i o n  w a s  adopted i n  t h e  d a t a  reduct ion  

process .  Eowever, t h i s  e r r o r  i s  est imated a t  only a few percent  and i t  

tends  toward s l i g h t l y  and erroneously lower through-irradiance readings  

f o r  hot  windows and s l i g h t l y  and erroneously h igher  through-irradiance read- 

i n g s  f o r  cold windows. 

I n  o rde r  t o  examine t h e  e f f e c t  of t h e  s p e c t r a l  d i s t r i b u t i o n  

of t h e  oncoming r a d i a t i o n  on t h e  radiometer measurement, tests w e r e  con- 

ducted i n  which t h e  radiometer  w a s  set at a f i x e d  p o s i t i o n  wi th  r e spec t  t o  
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t h e  c a v i t y  and whi le  t h e  c a v i t y  temperature  w a s  va r i ed  over a wide range, 

i t s  output  w a s  recorded. From t h e s e  measurements, t h e  s e n s i t i v i t y  of  t h e  

radiometer  t o  source  temperature  w a s  determined. 

The s e n s i t i v i t y  w a s  found t o  vary  several percent  i n  tempera- 

t u r e  ranges of i n t e r e s t ,  t h e  h igher  t h e  source  temperature  t h e  h igher  t h e  

s e n s i t i v i t y  of t h e  radiometer .  The p r a c t i c a l  e f f e c t  of t h i s  source  tem-  

p e r a t u r e  s e n s i t i v i t y  of t h e  radiometer  is t o  d i sc r imina te  s l i g h t l y  a g a i n s t  

r a d i a t i o n  r e r a d i a t e d  from t h e  window at longer  wavelengths and t o  f avor  

s l i g h t l y  t h e  d i r e c t l y  t r ansmi t t ed  r a d i a t i o n  which is  d i s t r i b u t e d  i n  t h e  

shor ted  wavelength region.  

A s  i n  t h e  case of angular  e r r o r  e f f e c t s  t h e r e  appears  t o  be  

no simple and r igo rous  way t o  c o r r e c t  t h e  radiometer measurements f o r  

wavelength s e n s i t i v i t y  s i n c e  t h e  degree of c o r r e c t i o n  depends on t h e  

sample i t s e l f  and t h e  f r a c t i o n  of i n c i d e n t  r a d i a t i o n  it r e r a d i a t e s .  Thus, 

e r r o r s  introduced by d i f f e r e n t  source  temperatures  have not  been co r rec t ed  

i n  d a t a  reduct ion .  

t o  l ead  t o  s l i g h t l y  and erroneously lower ( a  few percent )  through-irradiance 

readings  f o r  ho t  windows and t o  s l i g h t l y  and erroneously higher  through- 

i r r a d i a n c e  readings  f o r  co ld  windows. 

However, t h e  source  temperature  e r r o r  may be expected 

The magnitude of t h e  sum of t h e  e r r o r s  due t o  t h e  angular  and 

specu la r  dependence of t h e  radiometer reading have been est imated roughly.  

An i n t e r p r e t a t i o n  of c a l i b r a t i o n  test r e s u l t s  sugges ts  t h a t  t h e  radiometer  

d i sc r imina te s  s l i g h t l y  of t h e  o r d e r  of 10 percent  aga ins t  r a d i a t i o n  gen- 

e ra t ed  i n  r e r a d i a t i v e  processes  i n  t h e  window and d i sc r imina te s  much less 

aga ins t  r a d i a t i o n  d i r e c t l y  t r ansmi t t ed  through t h e  window. 
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111. MEASUREMENTS 

A. GENERAL 

The arrangement of test window, and test apparatus was dis- 

cussed earlier in Part 3 section I1 and shown in Figures 14 and 15. 

Experimental results are discussed elsewhere in the Summary, 

Part 1,  for ready comparison to the computed results using the methods 

outlined in Part 2. 

The purpose of this section is to discuss departures between 
experimental conditions and the conditions assumed for computation par- 

ticularly with regard to one dimensionality of heat flow, to outline 

the experimental procedure follawed in a typical test and to estimate 

the uncertainties involved in obtaining test data. 

B. TEST GEOMETRY AND ONE-DIMENSIONALITY OF HEAT FLOW 

The computer simulation of the thermal behavior of glazings 

deals ideally with a one-dimensional heat flow in space coordinates and 

a diffuse, semi-infinite source of oncoming thermal radiation--these 

assumptions being realistic simplifications for cases of interest. The 

thermal conditions achieved in the experiments approach those assumed 

for the analysis. 

The axial location of the sample in respect to plane of the 

radiant cavity source was established as a compromise between the con- 

flicting requirements of desiring to place it close to the cavity (to 

approach closely the condition of a semi-infinite source of oncoming 

radiation) and spaced away from the cavity (to allow high cavity tempera- 

tures without exceeding the structural integrity of the sample.) A 

third criterion was used to resolve this 

criterion is that the incident angles of 

conflict. A statement of this 

the source radiation received 

7 4  
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a t  t h e  c e n t e r  of t h e  sample when r e f r a c t e d  a t  t h e  boundary should l i e  

w i t h i n  a cone w i t h  a h a l f  a n g l e  equal  t o  27 degrees.  Th i s  c r i t e r i o n  

e s t a b l i s h e s  t h a t  a l l  the  oncoming r a d i a t i o n  is  r e f r a c t e d  i n t o  one of t h e  

l imi t ed  number of beam ang les  s e l e c t e d  f o r  computational purposes ,  thus ,  

minimizing t h e  e r r o r  a s s o c i a t e d  w i t h  t h e  need t o  d e a l  only w i t h  a f i n i t e  

number of beam angles .  

The equat ion  express ing  t h i s  c r i t e r i o n  is  

a 

n s i n  27' = (72) 

where 

a i s  the  r a d i u s  of t he  a p e r t u r e  of c a v i t y  source = 3.18 cm. 

' i  

._ .I 

I 

b is the  a x i a l  d i s t a n c e  between the  f r o n t  f a c e  of t he  sample 

and the  p lane  of the  a p e r t u r e  of the  c a v i t y  source.  

n i s  t h e  index of r e f r a c t i o n  of t he  g l a s s  sample. 

The a x i a l  d i s t a n c e  f o r  any p a r t i c u l a r  sample w a s  e s t a b l i s h e d  

by so lv ing  t h i s  equat ion  f o r  b .  I n  the  case of t he  fused s i l ica  sample, 

b becomes 3.60 c m ;  b is  equal  t o  3.20 c m  f o r  t h e  a l u m i n o s i l i c a t e  sample. 

The f l u x  d i s t r i b u t i o n  a r r i v i n g  from t h e  c a v i t y  source  a t  t h e  
(11) sample s o  pos i t i oned  i s  no t  uniform b u t  ax isymnet r ic  w i t h  the  form 

shown i n  F igure  23. A l s o ,  h e a t  f law from the  edge of t he  sample i s  no t  

e n t i r e l y  prevented al though t h e  mounting method w a s  s p e c i a l l y  designed 

t o  reduce t h i s  flow t o  a reasonable  minimum. For reasons of bo th  a non- 

uniform f l u x  d i s t r i b u t i o n  and a non-adiabat ic  edge condi t ion ,  some 

r a d i a l  f law t akes  p l a c e  w i t h i n  t h e  sample. 

The degree t o  which t h i s  flow in f luences  t h e  comparison wi th  

computer p r e d i c t i o n s  (which p r e d i c t i o n s  assume a one-dimensional h e a t  

flaw i n  space) has  been considered.  The e f f e c t  of r a d i a l  h e a t  flow is  
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FIGURE 23 FLUX DISTRIBUTION ARRIVING AT TEST SAMPLES 
FROM CAVITY SOURCE 
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t o  reduce t h e  temperature  a t  t h e  c e n t e r  of t h e  sample 

p e r  u n i t  of area leaving  the  back s u r f a c e  of t h e  test 

t o  t h a t  which would exist  under i d e a l  condi t ions .  An 

and t h e  thermal f l u x  

windows relative 

estimate of t h e  

r educ t ion  i n  c e n t e r  temperature  and leaving  f l u x  has  been made using 

t h e  a n a l y t i c a l  methods o u t l i n e d  i n  Appendix B. 

t i o n s  of our  experimental  program, w e  estimate t h a t  t h e  sample c e n t e r  

temperatures  are reduced about  20°K a t  sample temperatures  i n  t h e  range 

of 500 t o  900°K and t h e  leav ing  f l u x  is  reduced by 0.1 t o  0.2 w a t t s / c m 2 .  

For  a l l  the  test condi- 

These estimates are based on s t e a d y - s t a t e  a n a l y s i s .  Accordingly,  

they become more a c c u r a t e  as s t e a d y - s t a t e  test cond i t ions  are approached. 

Nevertheless ,  examination of t h e  r a d i a l  temperature d i s t r i b u t i o n s  

measured i n  t r a n s i e n t  hea t ing  tests i n d i c a t e  t h a t  estimates based on 

t h e  assumption of quas i  s t e a d y - s t a t e  condi t ions  f o r  r a d i a l  h e a t  flow are 

c l o s e  enough t o  serve t h e  purpose of experimental  unce r t a in ty  ana lyses .  

C. EXPERIMENTAL PROCEDURE 

1. Sample P repa ra t ion  

The clear qua r t z  and a l u m i n o s i l i c a t e  samples were prepared as 

f o l l m s :  t he  qua r t z ,  Corning 7940, samples were c u t  as rough b lanks  from 

s e l e c t e d  bubble f r e e  bulk  s tock  by Corning Glass Works and ground on 

each s i d e  t o  clear o p t i c a l l y  f l a t  p a r a l l e l  su r f aces  and then t o  c i r c u l a r  

d i s k s  by t h e  A. D. Jones Opt ica l  Works, Bur l ing ton ,  Massachusetts.  The 

a l u m i n o s i l i c a t e ,  Corning 1723, w a s  prepared i n  t h e  same way except  from 

0.95 c m  t h i c k  a s - r o l l e d  Corning p l a t e .  

double beve l  around i ts  per iphery  t o  f a c i l i t a t e  holding the  sample. 

sample w a s  chemically cleaned and then  h e a t  c leaned i n  vacuum a t  900°K 

and depos i ted  wi th  a n  evaporated gold temperature sens ing  g r i d  i d e n t i c a l l y  

on each s i d e  by Midwest Research I n s t i t u t e ,  Kansas C i ty ,  Missouri .  MRI 

then  aged the  samples i n  a n  a i r  oven f o r  a per iod  of 15 hours o r  more 

a t  900°K and shipped them t o  ADL where 5 m i l  silver wires were a t t ached  

Each sample w a s  a l s o  g iven  45O 

The 
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t o  the  gold g r i d  ends using Wesgo Cement# F1312B . 
heated i n  a n  air  oven f o r  1 hour o r  longer a t  900°K t o  f i re  the  cement. 

The r e s u l t  w a s  a s i l v e r  w i r e  f i rmly  bounded t o  both the  g l a s s  window as 

w e l l  as the  gold film. The r e s u l t i n g  j o i n t  is  shown i n  the  photograph, 

Figure 20. 

The windows were then 

The samples were given a f i n a l  aging a t  ADL f o r  15 hours o r  

longer i n  an a i r  oven a t  900°K and w e r e  then ready f o r  ca l ib ra t ion .  

W e  found i n  preliminary runs t h a t  incomplete aging w a s  mani- 

f e s t ed  as la rge  unpredictable and i r r eve r sab le  changes i n  gold g r i d  

res i s tance .  Also i n s u f f i c i e n t  gold g r i d  thickness led t o  g r i d s  t h a t  

become e l e c t r i c a l l y  discontinuous a f t e r  a period of high temperature  

exposure. With proper thickness estimated t o  be of the  order of 1000 

Angstroms or  g rea t e r  and with s u f f i c i e n t  aging, the  g r i d s  became s t a b l e  

enough temperature sensors t o  be useful.  There w a s ,  however, a s l i g h t  

d r i f t  i n  the  s e n s i t i v i t y  of t he  gold g r ids  during the test sequences 

f o r  a given window, which w a s  d i f f i c u l t  t o  eliminate and which instead 

w a s  accepted as a n  experimental e r r o r ,  +_loOK. 

2 .  Sample Cal ibra t ion  

Each gridded window w a s  next ca l ib ra t ed  i n  a s t a b l e  high 

temperature a i r  oven as described i n  Section II-C2. 

Because the g r i d s  were found t o  be q u i t e  l i n e a r  temperature 

sensors,  a minimum of c a l i b r a t i o n  temperature levels were required i n  

the  c a l i b r a t i o n  process. W e  usua l ly  read g r i d  r e s i s t ance  versus oven 

temperature a t  four temperatures i n  the  region of ambient (-30OoK), 

400°K, 600°K, and 800°K, requi r ing  a t o t a l  time of about 10 hours includ- 

ing  cooldown. 

* 
Product of Western Gold & Platinum Go., Belmont, California.  
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Pre l iminary  tests had shown that r e s i d u a l  d r i f t  i n  g r i d  cali-  

b r a t i o n  w a s  minimized by making the  window test run  s h o r t l y  a f t e r  cal i -  

b r a t i o n ;  i .e . ,  w i t h i n  a few hours  and t h i s  p r a c t i c e  w a s  adopted. 

3. Sample Exposure Tests 

The sample i s  mounted i n  i t s  thermally i s o l a t i n g  holding r i n g  

i n  the  exposure appa ra tus ;  t h e  g r i d  silver w i r e  l eads  connected up t o  

t h e  vacuum feedthrough c i r cu i t s ,  t h e  b e l l j a r  lowered and sea l ed ,  t h e  

system pumped down t o  lom5 t o r r ,  and a l l  water cool ing  and electrical  

c i r cu i t s  turned on. 

The sample wheel i s  turned such as t o  swing the  sample away 

from the  c a v i t y  b r ing ing  a n  open ho le  p o s i t i o n  over t he  cav i ty .  Next 

the  c a v i t y  power t ransformer i s  turned on and the  s a t u r a b l e  core  con- 

t r o l l e r  set a t  a power bevel known (from previous  tests) t o  b r ing  the  

c a v i t y  t o  t h e  des i r ed  temperature.  About 1 hour i s  usua l ly  requi red  

f o r  c a v i t y  temperature equi l ibr ium t o  be reached. 

The test run  i s  begun by exposing the  radiometer  d i r e c t l y  t o  

t h e  c a v i t y  through the  open ho le  i n  the  sample wheel. Th i s  exposure i s  

t y p i c a l l y  10 t o  30 seconds. Next t he  sample is turned i n  a t i m e  less 

than  3 seconds t o  b r i n g  t h e  sample window e x a c t l y  over t h e  cav i ty .  The 

radiometer  a l s o  is  dropped back t o  e x a c t l y  i t s  previous  d i s t a n c e  from 

t h e  c a v i t y  i n  t h e  open ho le  p o s i t i o n ;  i .e . ,  t h e  radiometer  has  not  ex- 

per ienced a p o s i t i o n  changed, only t h e  i n t e r p o s i t i o n  of t he  window. 

The tes t  run  c o n s i s t s  of leav ing  t h e  window i n  p o s i t i o n  over 

t h e  cav i ty  f o r  longer  than  300 seconds and measuring during t h i s  t i m e  

t h e  two window s u r f a c e  temperatures  as ind ica t ed  by t h e  gold g r i d  sensors  

and measuring the  window through i r r a d i a n c e  as ind ica t ed  by t h e  radiometer 

output .  

The window i s  l e f t  f o r  a pe r iod  longer than  t h e  300 second test ,  
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1000 seconds i n  o rde r  t o  o b t a i n  d a t a  f romwhich t o  estimate s t eady  state 

window temperatures  and i r r a d i a n c e s .  

A f t e r  a run  1000 seconds later the  windm is  swung away from 

t h e  c a v i t y  and allowed t o  cool  f o r  1 / 2  hour o r  s o  t o  a temperature  

approaching 300°K. During t h i s  t i m e  t he  c a v i t y  may b e  s h u t  o f f  o r  

turned t o  a h ighe r  temperature  setting. 

Our p r a c t i c e  w a s  t o  make lower i r r a d i a n c e  exposure tests on 

a g iven  window f i r s t  and h ighe r  i r r a d i a n c e  tests last t o  minimize the  

p o s s i b i l i t y  of t h e  h ighe r  exposure d i s t u r b i n g  the  g r i d  c a l i b r a t i o n  f o r  

t h e  low i r r a d i a n c e  tests. 

4 .  Data Reduction 

* 
Data w a s  recorded on a L & N Speedomax 12 channel recorder  . 

A l l  d a t a  inc luding  c a l i b r a t i o n s ,  run  window temperatures  and window 

through i r r a d i a n c e s  were recorded s imultaneously w i t h  t h i s  recorder  so 

t h a t  a s i n g l e  c h a r t  record  c o r r e l a t e d  a l l  d a t a  i n  t i m e  and kep t  i t  i n  

one p lace .  

f u r t h e r  d a t a  r educ t ion  recorded i n  ADL notebook #14518. 

These c h a r t s  are contained i n  ADL notebook #14255 and 

The temperature and i r r a d i a n c e  c h a r t  r eco rds  w e r e  curves  

having t h e  appearance of t h e  d a t a  of F igures  7 through 10 i n  P a r t  1 of 

t h i s  r epor t .  However, t he  c h a r t s  are no t  d i r e c t l y  readable  curves  i n  

t h a t  each curve r e q u i r e s  a n  ind iv idua l  c a l i b r a t i o n  f a c t o r .  

w a s  t o  have one person read the  c h a r t  ampli tude and t i m e  ou t  loud p o i n t  

by p o i n t  wh i l e  another  person  looked up t h e  corresponding t r u e  tempera- 

t u r e  on a c a l i b r a t i o n '  curve which included c o r r e c t i v e  f a c t o r s  and then  

record t h e  co r rec t ed  va lues  ve r sus  t i m e .  These "true" temperature  and 

i r r a d i a n c e  d a t a  p o i n t s  were p l o t t e d  t o  y i e l d  F igures  7 through 10 i n  

Our p r a c t i c e  

* 
Product of Leeds ti Northrup Co., Dedham, Mass. 
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Part 1 of this report. 

D. ERRORS 

The errors arising in the apparatus, application of the method 

and instrumentation, are estimated to be as shown in Table 11. The 

accuracy values shown are estimates of the uncertainty in the listed 

parameters which are involved in the measurement of window temperature 

and window-through irradiance. The uncertainty intervals are intended 

to correspond to plusor minus one to two standard deviations were it 

possible to conduct many sets of experiments and were it possible to 

kncw the true value of each parameter. 

Precision is intended to indicate the ordinary random errors 

of laboratory measurements to within plus or minus one standard deviation. 

The over-all error i n  the determination of window temperature 

and window through-irradiances (including the effects of uncertainties 

in incident irradiance) is estimated by assuming the worst case in which 

all the plus and all the minus uncertainty values are additive. Pre- 
cision being assumed random is estimated on a root-mean-square basis. 

In summary, the estimated over-all errors of these experiments 

are : 

Accuracy Precision 

Window temperature + - 20°K + - 1°K 
Window through-irradiance + 15% + - 3.2% 

- 20% 
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APPENDIX A 

CORRECTIONS FOR OPTICAL PYROMETER READINGS 

A pyrometer ope ra t ing  at pyrometer red ( A  = .65 x cm) in-  

d i c a t e s  a blackbody temperature  denoted by a prime, T ' ,  which i s  lower 

than  t h e  t r u e  temperature ,  T, of t h e  ob jec t  ( cav i ty )  due t o  t h e  f a c t  

t h a t  t h e  o b j e c t s  emit tance as w e l l  as in t e rven ing  elements,  such as 

a chamber window, reduce t h e  o b j e c t s  b r igh tness  by a f a c t o r  k. The 

f a c t o r  k i s  1.00 f o r  a blackbody ob jec t  wi th  no in t e rven ing  window and 

less than 1.00 f o r  a non-black emit tance and/or  i n t e rven ing  windows. 

The Planck equat ion  f o r  a non-black r a d i a t i n g  ob jec t  is 

1) -5 c2 
1 AT Wx = kC X ( e  - - 

and 

k = & T  A A  

where 

WA = s p e c t r a l  rad iance  of t h e  ob jec t  

k = t h e  reduct ion  f a c t o r  def ined  above 
-12 2 C1 = f i r s t  Planck cons tan t  = 3 . 7 4  x 10 w a t t - c m  

C2 = second Planck cons tan t  = 1.438 cm°K 

X = wavelength, cm 

e = naperian base 

T '  = pyrometer i nd ica t ed  blackbody temperature  of o b j e c t ,  O K  

T = t r u e  temperature  of o b j e c t ,  O K  

x 
x 

4 
E 

T = s p e c t r a l  t ransmi t tance  of in te rvening  window 

= s p e c t r a l  emit tance a t  h = .65 x 10- cm 

2 
R = (2) 
n = s p e c t r a l  index of r e f r a c t i o n  
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In t roducing  Wein's l a w  as an adequate approximation of P lanck ' s  

l a w  and t h e  approximation T = T I ,  then 

(T '12  I n  k (A31 
A T - " f ' = - -  
c2 

Equation (A3) g ives  t h e  temperature  c o r r e c t i o n  T-T' t o  be added 

t o  a pyrometer reading T '  t o  a r r i v e  a t  a n  est imated t r u e  temperature  of 

t h e  ob jec t  T. 

As an example f o r  t ransmiss ion  of r a d i a t i o n  i n  t h e  s p e c t r a l  band 
-4 of pyrometer red  ( A  = 0.65 x 10 cm) through a clear Vycor window of 

= 1-2 (0.035) = 0.93 T A  

and f o r  a c a v i t y  angular  s p e c t r a l  emit tance at A = 0.065 x em of 

EX = 0.95 

and f o r  a temperature of 1300°K, t h e  s o l u t i o n  of equat ion (A3) g ives  

T - T '  = 7'K 

R 

3 

1 1 
Y 4 
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APPENDIX B 

ESTIMATING TWO-DIMENSIONAL FLOW EFFECTS I N  TEST SAMPLES 

Consider t h e  problem of s t eady- s t a t e  h e a t  flow i n  a g l a s s  d i s k  

r ece iv ing  r a d i a n t  thermal  power on one f a c e  and r e r a d i a t i n g  t o  cold b lack  

surroundings.  

but is  axisymmetric. Heat i n  amount q flows out  t h e  edge of t h e  sample, 

t h a t  i s ,  a t  r a d i u s  r equal  t o  a. 

The impinging thermal  energy varies as a func t ion  of r a d i u s  

a 

The d i f f e r e n t i a l  equat ion  descr ib ing  t h e  temperature  d i s t r i b u t i o n  

i n  t h e  sample i s  

where 

T i s  t h e  temperature  a t  r a d i a l  l o c a t i o n  r 

K i s  t h e  c o e f f i c i e n t  of thermal conduct iv i ty  

q ( r )  i s  t h e  absorbed r a d i a n t  f l u x  a t  r ad ius  r 

E i s  t h e  e f f e c t i v e  emis s iv i ty  of t h e  sample 

o i s  t h e  Stefan-Boltzmann cons tan t  

To so lve  equat ion  (B l ) ,  w e  f i r s t  l i n e a r i z e  about t h e  temperature  T * i . e . ,  

w e  l e t  T = To + 0 which t ransforms equat ion (Bl) t o  
0' 

3 where 
8&0T0 
K6 

a2 = 

A s o l u t i o n  t o  t h i s  equat ion  which s a t i s f i e s  t h e  boundary con- 

d i t i o n s  of our problem inc luding  a c l o s e  approximation t o  t h e  f l u x  d i s -  

t r i b u t i o n  q ( r )  p resented  t o  t h e  sample under test condi t ions  i s  
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4 

0 = C I (ar) + OoJo l o  

where 
- 
qa + Go B J1 ( 6 )  2naK6 c, = 

aIl (.a> I 

J i s  Bessel func t ion  of t h e  f i r s t  kind 

I and I are modified Bessel func t ions  
0 

0 1 
13 i s  f i r s t  roo t  of J and is  equa l  t o  2.405 

0 

and 

where 

Aq is  t h e  d i f f e r e n c e  i n  t h e  r a d i a n t  f l u x  absorbed a t  

r = o and r = a. 

Aq i s  r e l a t e d  t o  t h e  f l u x  absorbed a t  t h e  c e n t e r  of t h e  sample by 

where 

T is  t h e  temperature  of t h e  sample a t  r = o 
C 

b i s  a cons tan t  d e s c r i p t i v e  of t h e  f l u x  d i s t r i b u t i o n  

The c e n t e r  temperature  f o r  a sample uniformly i r r a d i a t e d  wi th  

an a d i a b a t i c  edge cond i t ion  is  g iven  by 

The c e n t e r  temperature  f o r  a sample under test  condi t ions  is 

given by a rearrangement of equat ion  (Bl) 

2&oTc 4 = qc + K6 @ + ;; la 
r=o 

. f  
8 

a 
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. .  
i 

. I  

k _  

2 

d r  

and -- I. do from equat ion  (B3) and r d r  
Computing t h e  d e r i v a t i v e s  - 2 

s u b s t i t u t i n g  i n  equat ion  ( B 8 ) ,  w e  g e t  

4 2€aTc = q + Kb 
C 

The d i f f e r e n c e  i n  c e n t e r  temperature  due t o  non-uniform f l u x  

and edge hea t  f low is ,  t h e r e f o r e ,  given by 

o r  

2€sA(Tc ) = K6 Clcl - Oo ~~~1 i-' 

A s  an example of t h e  u s e  of t h e  developed equat ions ,  consider  a 

fused s i l i c a  test  sample 0.635 cm t h i c k  i r r a d i a t e d  such t h a t  i t  opera tes  

a t  a nominal temperature  of 800°K. It i s  mounted i n  such a fash ion  t h a t  

t h e  hea t  f lowing out  i t s  edge must pass  through .318 cm of Min-K 

temperature  i n s u l a t i o n  t o  a mounting p l a t e  maintained a t  300°K. 

* 
high 

Constants of t h e  problem are: 

K = 1.85 x w a t t / c m - O K  

6 = 0.635 c m  

Kb = 1.18 x lo-' w a t t / " K  

$ ( thermal  conduct iv i ty  of Min-K) = 4 x 10 -4 w a t t / c m - O K  

c ( th i ckness  of Min-K) = .318 cm 

a = 3.17 cm 
AT 

= 2~ra6$- = 7.95 w a t t s  'a C 

b = 0.4 

* Product of Johns-Manville Aerospace Products .  

1 I 
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3 

a2 = = 2 cm 
8 ECJT 

K6 
0 -2 

aa = 4.5 

Io(cxa) = 17.5 

I l (aa)  = 15.4 
I 

Aq = 2b&oTc 4. 1.84 wat t j ' cm 2 

.from equat ion  (B5) 

from equat ion  (B4) 

C1 = 0.45"K 

from equat ion  (B10) 

ATc = 17.1"K 

Commensurate wi th  t h i s  1 7 . 1 " K  reduct ion  i n  cen te r  temperature ,  t h e  thermal  

f l u x  pe r  u n i t  area leaving  t h e  back s u r f a c e  of t h e  window test  sample is 

reduced by 0.2 wattj'crn . 2 
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